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1. Background and definitions

Societal and economic developments are, through human activities, causing many
pressures on natural coastal ecosystems that lead to changes in state (Borja & Dauer
2008). Thus, pressures are interfering with environmental status from the local or
species scale through to biological communities (Adams 2005, Osterblom et al.
2017), impacting the ability of coastal areas to maintain ecosystem functions and
produce ecosystem services for human wellbeing (Beaumont et al. 2007, Micheli et
al. 2013, Bryhn et al. 2020). During the past decades, many shallow coastal
ecosystems have faced increased disturbance, which has led to their rapid
deterioration (Crain et al. 2008, Halpern et al. 2008, Andersen et al. 2015, HELCOM
2018). In temperate areas, such as in the Baltic Sea, recruitment areas for fish,
biogenic reefs and vegetated bottoms are especially threatened by many human
activities (Kraufvelin et al. 2018, 2020c). Negative changes in the coastal zone are
often caused by several activities and stress factors that are acting simultaneously,
for instance different kinds of coastal construction and recreation, increased input
of nutrients and other pollutants, selective harvesting of species, introduction of
non-indigenous species, and climate change (Elliott 2004, Korpinen et al. 2012,
Andersen et al. 2015, Worm 2016). Typical effects, seen globally, are that biological
communities are becoming more and more similar (homogenisation), important top
predators are decreasing in abundance and size, habitat-forming species are
decreasing and the structural diversity, connectivity and process dynamics within
biological communities is being disturbed (Geist & Hawkins 2016).

Normally, natural ecosystems can recover from low or moderate levels of human
activities/pressures. Depending on the temporal and spatial scales, as well as the
frequencies and intensities of the pressures, ecosystems may be returned to pre-
stress conditions in a number of ways (Connell & Slatyer 1977). The prerequisites for
this are, however, that the pressures can be reduced to tolerable levels and that the
physical, chemical and biological changes that have taken place are reversible. A
return to pre-stress conditions can passively take the trajectory of natural recovery
or it can be reached through active restoration measures undertaken by humans
(Simenstad et al. 2006, Elliott et al. 2007, 2016).

Primary goals of restoration are often to re-establish ecological functions and
ecosystem services that are important for humans and to reinstall the system to a
previous historical condition that is self-sustaining and resistant towards
disturbance. One example of restoration is when historically destroyed wetlands are
returned into sustainable ecosystems by the use of active measures, so that they
again can deliver functioning ecosystem services (Borja et al. 2010, Elliott et al.
2016). After a longer period of damage, however, a return to natural conditions can
be inaccessible with respect to both hydromorphology and biological processes
(Hilderbrand et al. 2005, Duarte et al. 2009). Wrongly applied, some measures
undertaken can also by themselves impose pressures on the environment, rather
than contribute to an improvement (Kraufvelin et al. 2020bc). This may suggest that
it, in many cases, may be wiser to aim at a rehabilitation that strives to improve the
damaged ecosystem into a more functional condition, rather than a full restoration



that aims at an original historical condition, which may not be achievable. However,
the finally preferred solution in a given location is often context-specific.

Recently, the possibilities of, and potential for marine restoration have received
a broadened interest within both the scientific and marine management sectors
(Borja 2014, Bas et al. 2016, France 2016, Niner et al. 2017, Duarte et al. 2020).
According to Borja (2014), one of the great challenges within marine ecosystem
ecology is to learn how to recreate the structure and function of damaged marine
ecosystems through active restoration. Another challenge listed by Borja (2014) is to
understand the relationship between human pressures and their effects on
ecosystems. The latter theme is central in the HELCOM ACTION report of WP 2.1 and
also in a Swedish national report by Kraufvelin et al. (2020c) focusing on physical
pressures and biological effects. With regard to marine restoration, there is a great
need for a toolbox for active measures that can be applied broadly in various marine
and brackish water areas. This is partly due to the current poor state of the marine
environment in many coastal areas. It is also due to the fact that natural processes
of recovery (passive restoration) and targeted measures within management, such
as formal protection (see Knowlton et al. 2012, De’ath et al. 2012, Abelson et al.
2016), are often insufficient to return ecosystems to pre-disturbed conditions.

Restoration basically means to use physical (sometimes chemical) or biological
measures to recreate natural physical and biological processes in an ecosystem that
has been damaged or degraded due to disturbance or loss. Sometimes the term
restoration can also be used when ecosystem recovery is initiated or facilitated. The
disturbances can be due to human activities such as the direct effects of discharges
of pollutants or nutrients or they can be due to exploitation (e.g. extraction or
construction), but they can also be due to indirect interaction effects through climate
change or the release of non-indigenous species. Principally, a restoration can be of
two major types. Either a historical ecosystem is targeted or a new ecosystem is
constructed where it has not occurred before. The former case is represented by
ecological restoration, while the latter case is better known as some kind of
environmental compensation (Moksnes et al. 2016a).

Even though there is a growing body of knowledge of marine restoration
activities, especially in coastal ecosystems, marine restoration as a scientific or
management area is still premature. Our knowledge is especially scarce when it
comes to restoration of open marine systems (Elliott et al. 2007, 2016). The main
reasons behind this lack of knowledge are that many natural physical processes in
the sea that are still quite poorly understood. Furthermore, our knowledge about
how human activities are affecting these processes, as well as how resistant and
resilient marine ecosystems are, is also a clear gap (Carter 1989, Elliott et al. 2016,
Ounanian et al. 2018). Similarly, we lack a lot of knowledge about the connectivity
and openness of different marine ecosystems, i.e. fundamental information to
achieve marine green infrastructures. According to Geist & Hawkins (2016) and Jones
et al. (2018), it is much easier to carry out restoration measures in freshwater
ecosystems, while in marine ecosystems, one may have to focus more on using
processes of natural recovery. The challenges within marine restoration are further



complicated by different sources of uncertainty such as incomplete knowledge,
unpredictability and ambiguity, all of which are factors that must be dealt with by
the practical restorers (Ounanian et al. 2018).

In this report, the term restoration is used broadly to describe a multitude of
measures carried out to improve conditions in marine ecosystems and aiming at
redirecting the systems towards conditions that prevailed before the damage. Thus,
our interpretation of the restoration term also covers rehabilitating measures. One
reason for using this interpretation is that this is also how the term is perceived by
many laymen, professional practitioners, managers and researchers alike. The aims
with restoration can then also be said to be closer to the ones defined by Clewell et
al. (2000), who defined the purpose of restoration as to recreate functioning
ecosystems with sufficiently high biodiversity for natural recovery over longer time
perspectives rather than to recreate a natural unaffected (pristine) historical
condition. In practice, this is also mostly the best that one can achieve within a
restoration project, especially when longer term and larger scale damages are dealt
with. This is partly due to shifting baselines (Hilderbrand et al. 2005, Duarte et al.
2009, 2015) which can make it impossible to reach historical conditions. It may also
be due to regime shifts (Scheffer et al. 2001) locking ecosystems into new
configurations that can be hard or even impossible to unlock with usual restoration
measures, especially as restoration measures may often be on relatively more local
scales.

Ecological restoration is itself the handicraft to carry out practical
implementation of actions needed to recreate specific habitats or even an
ecosystem. Both from a scientific and a legal perspective, however, it is important to
define what the purposes are of the different types of applied restoration measures
and to clearly establish the goals (Moksnes et al. 2016a). Many restoration attempts
are carried out without clearly established goals, with the possible exception of a
few individual target species for which the post-restoration conditions may have
been defined beforehand.

In order to make the restoration efforts effective and successful, it is necessary to
involve people with ecological competence and a broad understanding about how
different habitats or ecosystems function. Additionally, it is also important to include
people with the knowledge and background in supporting processes, all the way
from the planning and funding stages to execution, monitoring and evaluation
(Moksnes et al. 2016a). In order to understand how physical processes that are
formative for the habitats and how they operate, it is also important to involve
oceanographers and people with broad hydromorphological competence (Kraufvelin
et al. 2020b). According to Jackson et al. (1995) and Aronson (2010), five main
disciplines must be considered when a restoration project is carried out:



e ecology — information/knowledge about structure (patterns) and function
(processes) in nature that is collected through historical, analytical and
experimental studies,

e formal and informal norms of the society — information about political goals
and demands as well as different groups’ acceptance of these norms,

e culture — such as traditional use of an area or a resource,

e economy - what kind of geographical areas or habitats are considered
worthy of restoration,

e politics — are there goals, values and demands driven or counteracted by
political wills.

There are also a number of case specific and practical questions that need to be
answered in connection with any restoration project, such as:

e Which activities and pressures have caused the change/damage/loss?
e Isit possible to restore the species, habitat, foodweb and/or function?
e How efficient are different measures?

e Towards what environmental state are the measures aiming?

e What are the costs of the measures?

e What ecosystem services, human values and societal benefits are provided by
a successful restoration?

e Will positive restoration effects be persistent over time?

e What scale of restoration is planned and what is the expected scale of effect
from the restoration?

In this report, we aim to provide answers to at least some of these questions.
Regarding the question about what has caused the damage or the decrease in
status, then physical and mechanical pressures are often relatively easy to identify,
as long as there are no apparent signs of multiple and additive pressures. For single
species, it may then be especially important to find “bottlenecks” that have a big
influence on population sizes through effects on mortality or reproduction. For
fish stocks, for example, it can be important to look at habitat availability as a
restricting factor. This is because early life stages are often sensitive to
environmental changes and the availability of good spawning and nursery areas
can influence the stock size (Sundblad et al. 2014).

Different alternatives for restoration can be visualised in a highly simplified
manner with ecosystem structure on the x-axis and ecosystem processes on the
y-axis (Figure 1, after Bradshaw 1996). Full restoration of a damaged ecosystem
would ideally take us from the open circle in the lower left to the filled circle at the
upper right. A rehabilitation may not take us all the way to the



undisturbed/pristine state, but can still represent a clear improvement in
ecosystem status. It should be noted that an improvement may also lead away
from the path heading towards the original ecosystem and present a much steeper
trajectory, i.e. the measure becomes more of the type “replacement”.

The aquatic physicochemical conditions, the hydromorphological traits and the
species themselves present in a habitat represent the major components of a
restoration project. Even though natural recovery processes should always be
used, if possible (Bradshaw 1996), all of these three components demand specific
attention during the process. Sometimes it can de facto be enough to rely on
natural processes for “restoration” as soon as the damaging pressure has
decreased to appropriate levels or has been removed, provided the environmental
background conditions are favourable. For example in deeper marine areas such
as the sea floor disturbed by bottom trawling (Jones et al. 2018), or more generally
in open systems (Geist & Hawkins 2016), natural recovery can in itself represent
one of the most important “restoration measures”. In many cases, passive and
natural recovery could possibly be a first choice to regain important ecosystem
functions and ecosystem services and then active restoration measures could be
undertaken, if the recovery from damage is characterized as too slow (Jones et al.
2018). The cheapest and simplest "measure” is still to use all possible ways to
avoid and minimise damage as long as this is possible. Thus, a mitigation hierarchy
needs to be applied and followed in the management of activities that may impose
pressure on the environment. This means to first avoid damage, then to minimise
damage and finally, as a last alternative, to restore/compensate for damage
(Naturvardsverket 2016, Jacob et al. 2018). In most cases, it becomes much
cheaper to avoid and minimise damage when the activities are going on than to
afterwards try to restore what has been lost or degraded (Naturvardsverket 2016).

Ecosystem Replacement
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7 o .
/"~ Restoration

Replacement / 7 Rehabilitation
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Figure 1. Different alternatives for restoration where the targeted ecosystem structure (on the x-axis) is
put in relation to the ecosystem processes (on the y-axis) that also are involved (after Bradshaw
1996). With ‘Original ecosystem’ a pristine or undisturbed ecosystem is understood.



Since a restoration process is ongoing/continuous, while ecological responses to
different restoration measures at the same time are seldom linear, it is often difficult
to judge if a measure is successful or not. A central goal for a restoration measure
thus needs to be that the ecosystem can develop in an unrestricted positive direction
after the measure has been taken (Bradshaw 1996). The restoration process should
lead to measurable progress in ecosystem condition where both abiotic and biotic
thresholds may need to be surpassed (see figure 3a in Hobbs & Harris 2001). Usually,
hydromorphological and chemical improvements are targeted first followed by
biological improvements. When the desired condition has been achieved, it may
then be enough to focus management actions on maintaining the condition.

However, there is still a risk that examples of successful restorations may falsely
lead to a belief that it is always possible to recreate what has been damaged or lost.
It is therefore important to acknowledge that, within marine restoration, there is no
silver bullet that we can always rely on as a universal solution. A fundamental
prerequisite for a successful restoration is that the factors initially causing the
damage on the habitat or ecosystem have disappeared or can be kept at a minimum
that is known not to cause a detrimental impact. Some habitat forming species such
as mussels and seaweeds require hard substrates for their establishment and such a
substrate might not be available any longer in the disturbed area. Due to this, some
sort of structuring restoration measures that return hard surfaces to the area may
be required. This could be done by creating suitable benthic structures, for example,
artificial reefs (Seaman 2007), artificial substrates (George et al. 2015), stony reefs
(Stgttrup et al. 2014) or mussel shell banks (Dolmer et al. 2009, Morris et al. 2019),
in order to physically restore the environment.

The choice of area may also be a crucial factor within the restoration process. If a
habitat has never been naturally presentin an area, the abiotic or biotic prerequisites
for the habitat are probably lacking, and thereby successful restoration is
conceivably low. Similarly, it can be difficult to restore a habitat in an area where the
environmental background conditions have changed radically. Examples of this can
be areas where eelgrass meadows or perennial macroalgal belts have been damaged
due to the construction of marinas causing shadowing and altered light conditions
or where changed light and bottom conditions due to eutrophication make large
areas unsuitable for recolonization.

To be able to assess the success of restoration efforts, it is important to establish
reference conditions, to specify and clarify the goals of the restoration activities, and
agree upon what level of restored condition is the aim, neither should an evaluation
of the chances for long-term success be forgotten. These aspects are very important
but are often overlooked. The reference conditions should describe both habitat
structures and functions, but also the biological, chemical and physical processes
that are creating and maintaining the structures and systems (Kraufvelin et al.
2020b). Restoration for improving connectivity between areas also has to be a priory
in the perspective of green infrastructure. This may for example concern the
inclusion of protected areas, restored areas, migration barriers, rivers, fladas,



wetlands and water ways (Berkstrom et al. 2019). Measures should also be
undertaken with evident perspectives on global climate change in such a way that it
is evaluated if the restored systems are resilient enough to changing conditions, as
well as if the restored systems even can be adapted to assist with the mitigation and
dampening of the negative effects of climate change.

Itis also equally important to evaluate the restoration measures and their success
through quantitative follow-up studies. This can be done by following the
development of the target features in a restored area over time. These kinds of
monitoring investigations can be done through a BA-design, which means that there
are data available both before and after the restoration measures (BA before—after).
The end result can also be compared with the conditions in unrestored reference
systems using a Cl-design, which means that there are data from the restored area
as well as from an unrestored reference area (Cl control-impact). More
comprehensive follow-up programs, where the aim is to establish cause-effect
relationship and allow for scientific analyses, need to apply a BACI-design (before-
after-control-impact; see Stewart-Oaten et al. 1986, Underwood 1994, Schmitt &
Osenberg 1996) in order to cover all relevant dimensions. These BACI-investigations
include multiple measurements before and after the restoration measures, both in
the target water area as well as in similar reference areas (preferably there are more
than one reference area) where the restoration measures have not been carried out.

An important reason for the lack of monitoring after restoration measures have
been carried out is the lack of long-term funding (Harper & Quigley 2005). Proper
evaluation is of central importance to clarify what has worked well and what has not
worked out as planned and how future measures should be developed and executed
more (cost) effectively. In addition, information collected through well designed
monitoring studies can also often be used scientifically to document different
ecological processes involved in possible success stories, but also in revealing
reasons for possible failures (see also Moksnes et al. 2016a). To develop the
knowledge base and cost-efficiency of restoration efforts, it is therefore essential
that funding is allocated for thorough evaluation of different measures.

Restoration is an iterative process, which needs to follow these important steps in
order to achieve maximum success:

1. Investigate previous historical and current reference conditions with regard
to water chemistry, hydromorphology and biology.

Choose a suitable area.
Draw up a well-anchored restoration target or several step-wise targets.

Develop a restoration plan.

vk wN

Apply for and get permissions, whenever required, and carry out the practical
work.

Choose suitable indicators for monitoring.

Evaluate the undertaken measures (for example when it comes to
hydromorphogy or responses in plant and animal communities) as well as the
monitoring works afterwards.



In the Baltic Sea area, experiences of marine restoration measures are still very
restricted (Naturvardsverket 2016, Kraufvelin et al. 2020b). Globally, however, a
great deal has been invested in marine restoration in many, often more densely
populated and economically significant, areas (Bayraktarov et al. 2016). Typical
target habitats for restoration are seagrass beds (Fonseca 2011, Orth et al. 2011),
oyster reefs (Brumbaugh et al. 2000, Coen et al. 2007), mangrove forests (Ellison
2000, Lewis 2005) and coral reefs (Epstein et al. 2001, Meesters et al. 2015) with a
general focus on biogenic habitat-forming structures/features. While these habtat
types may not all be present in the Baltic Sea region important lessons can be learned
and t he need for, and the interest in, marine restoration in the Baltic Sea area will
certainly increase. This because many areas have been damaged by construction
works, by pollution and excessive nutrient loads or by excessive harvesting of marine
resources. This is also due to increased global environmental threats such as climate
change. Demands for restoration activities are included within European
environmental directives and of central interest for actions to recover environmental
status in the Baltic Sea. In order to be able to apply the most relevant and cost
efficient measures possible, functioning methods of restoration need to be
developed, described, tested in practice, and thoroughly evaluated.

As part of the HELCOM ACTION project (Actions to evaluate and identify effective
measures to reach good environmental status in the Baltic Sea marine region), this
current report gives a overview of knowledge withinin the field of marine restoration
ecology and evaluates a number of restoration measures for coastal habitats in the
Baltic Sea with specific emphasis on their feasibility and cost effectiveness. At the
same time, coastal areas of the Baltic Sea where these restoration measures would
be of highest significance/need are evaluated. The central purpose of the report is
to document and present existing and relevant restoration measures and their
possibilities for application in different areas of the Baltic Sea with acknowledgement
of reported difficulties, weaknesses, risks and restrictions for subsequent biological
recovery in both time and space.



2. Measures related to restoration of coastal habitats

Many marine coastal habitats can be suitable for some sort of restoration. Some of
them have already previously been the subject of restoration measures, although with
varying success. Common reasons behind failures have been that different external
conditions, for example the water quality, have not improved at the same time when
the restoration measures were undertaken. Due to such interlinkages, it is important to
jointly look into which physical measures (targeted towards the abiotic habitat) and
biological measures (targeted towards the biological habitat and the organisms), as well
as possible water chemical measures, are essential for making the restoration
successful. In the following sections, we review existing experiences of restoration in the
Baltic Sea area habitat by habitat and measure type by measure type.

In total, this report contains information on 16 measures of potential relevance for
improving coastal habitats in the Baltic Sea. The content is to be viewed as
representing measures for which at least some experience is available today, and the
intention of their presentation is to support their further evaluation. The measures
represent three broad categories: i) measures aiming at restoring or rehabilitating®
habitats or habitat forming species (measures 1-7 and 14 below), ii) measures aiming
at reducing pressure levels (measures 9-13 below), with a focus on nutrient loading,
which is a predominating pressure in many coastal habitats, and iii) measures focusing
on protecting habitats or strengthening functionally important species (measures 8
and 15). In addition to the restoration measures presented in this report, other
potential measures are available, such as releasing species, but as these measures
have not been scientifically evaluated as thoroughly, they will not be listed here.

The measures for which information is presented in this report are:

Restoration of eelgrass, Zostera marina
Restoration of soft bottom macrophytes (other than eelgrass)
Restoration of brown macroalgae, mainly Fucus vesiculosus
Restoration of blue mussel reefs
Restoration of stony reefs in areas where these have previously been lost
Restoration of soft bottoms naturally free of vegetation
Restoration of coastal wetlands and fladas/lagoons
Strengthening piscivorous fish to rehabilitate coastal ecosystem function
Reducing nutrient loading by farming and harvesting blue mussels
. Rehabilitation of hypoxic areas by oxygen pumping
. Reducing internal phosphorus loads by metal binding
. Investigative and trial biomanipulation by removing cyprinids and
sticklebacks as a method for rehabilitating coastal ecosystems
13. Rehabilitation of anoxic, nutrient rich or polluted sediments by removal or coverage
14. Establishment of artificial reefs
15. Protection of habitats
16. Follow-up and knowledge sharing
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Data for measures 1-15 are provided as thoroughly as possible under the general
understanding that practical experience is still limited for most of these measures in
coastal areas of the Baltic Sea. Measure 16 suggests actions to remediate this
limitation in the future by enhancing follow-up and knowledge sharing. The 16
measures below synthesise work in the HELCOM ACTION project and by Kraufvelin
et al. (2020b) and all the measures have also been delivered (in January 2020) as
‘synopses’ within the HELCOM Baltic Sea Action Plan (BSAP) Update process.

For all the measures, the following aspects are provided:

- Examples of drivers/human activities that can cause damage that needs to
be restored (list taken from HELCOM template used for updating of the
BSAP),

- Examples of pressures causing damage that needs to be restored (list taken
from HELCOM template used for updating of the BSAP),

- State change(s) in ecosystem components calling for attention/measures,

- Practical restoration method(s),

- Geographical areas in the Baltic Sea where the restoration has been
tested/attempted,

- Main expected responses/outcomes of the measure,

- Evidence of success — with reference(s),

- Examples of ecosystem services that may be influenced positively by the
measure(s),

- Examples of human benefits from the measure(s),

- Target groups for the benefits in the society,

- Possible time lags before positive effects can be seen after the measures
have been undertaken,

- Costs per unit "restored" structure or function, e.g. cost per area of habitat
or weight (biomass unit) of compound,

- References in general.

2.1 Restoration of eelgrass, Zostera marina

Examples of drivers/human activities that can cause damage that needs to be
restored. Restructuring of seabed morphology (dredging, beach replenishment, sea-
based deposit of dredged material); Extraction of minerals (rock, metal ores, gravel,
sand, shell); Fish and shellfish harvesting (bottom-touching towed gears,
professional, recreational); Fish and shellfish harvesting (pelagic towed gears,
stationary gears, professional, recreational); Aquaculture — marine, including
infrastructure; Agriculture; Transport — shipping (incl. anchoring, mooring);
Transport — shipping infrastructure (harbours, ports, ship-building); Tourism and
leisure infrastructure (piers, marinas); Tourism and leisure activities (boating, beach
use, water sports, etc.).

Examples of pressures causing damage that needs to be restored. Disturbance of
species: Visual, presence, boating, recreational activities, above-water noise;
Extraction of target fish and shellfish species and incidental fish catches; Physical
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disturbance to seabed (temporary or reversible and recovers within 12 y); Physical
loss (due to permanent change of seabed substrate or morphology and to extraction
of seabed substrate); Changes to hydrological conditions; Input of nitrogen; Input of
phosphorus; Input of organic matter — diffuse sources and point sources.

State change(s) in ecosystem components calling for attention/measures.
Decreased distribution of eelgrass on soft and sandy bottoms in many regions of the
Baltic Sea, for instance in western and southern Sweden and in Denmark, but also in
the Northern Baltic Proper. Often, the extent of the decrease is unknown as there is
a lack of “historical” information on distributions. To some extent, old aerial
photographs may help in this mapping.

Practical restoration method(s). Transplantation of vegetative eelgrass shoots.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Skagerrak (County of Bohuslan) on the Swedish west coast;
Kattegat (Gothenburg harbour); Kalmar Sound in Southeastern Sweden; Skdne
(southern Sweden); Southern Denmark; Estonia; Aland Sea. Research project at
Tvarminne in Gulf of Finland is studying recovery in mixed macrophyte communities
with eelgrass Zostera marina and angiosperms (Gustafsson, Kauppi & Salo unpubl.).

Main expected responses/outcomes of the measure. The measure is primarily
relevant in areas where eelgrass occurs and/or has occurred naturally, i.e. in areas
with suitable salinity and substrate type. In large parts of the Baltic Sea, however,
eelgrass has a lower natural occurrence compared to other macrophytes.

Successful restoration of eelgrass could improve ecosystem structure and several
ecosystem functions (habitat-forming, supporting biodiversity, fish nursery areas,
CO; sinks, coastal protection through wave-dampening and sediment stabilisation,
sequestration of nutrients and organic matter, etc.).

Evidence of success - with reference(s).

From western Sweden (Skagerrak/Kattegat), there are examples of successful results
from restoration of eelgrass at the experimental scale. Transplantation of vegetative
shoots has proven to be the only feasible method, while for example seeding does
not work. The method is still both expensive and time consuming (Cole & Moksnes
2016, Eriander et al. 2016, Infantes et al. 2016, Moksnes et al. 2016a, b). The
measure is only effective provided that the pressures originally causing the eelgrass
loss also are removed, for example pressures related to water quality. Recently, the
role of local physical regime shifts such as changes in light and physical sediment
conditions and how and why these events prevent eelgrass recovery have been
investigated (Moksnes et al. 2018).

For some other areas where eelgrass is present (such as southern Sweden, Denmark
and the northern Baltic Proper), relatively little information is currently available on
the validity of the measure. For the northern Baltic Proper (Estonia, Aland Sea), some
success with the transplantation of eelgrass has been reported after the first growing
season using a rope substrate method (Gagnon et al. 2019, Pajusalu et al. 2019).
However, the transplanted eelgrass did not survive the winter. In another attempt
to transplant eelgrass in the northern Baltic Proper, the overall shoot density
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decreased, but on some ropes, the number of shoots increased significantly
(Pajusalu et al. 2019). At Tvarminne in the Gulf of Finland, recovery has recently been
studied in mixed macrophyte communities with eelgrass and angiosperms
(Gustafsson, Kauppi & Salo unpubl.).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Biological regulation, Regulation of
eutrophication, Sediment retention, Food, Raw material, Recreation, Aesthetic
values, Science and education, etc.

Examples of human benefits from the measure(s). Less impact from eutrophication
on: society (e.g. blooms), on commercial and recreational fisheries, as well as on
recreational activities. Less physical damage to shores, properties and infrastructure.
Mitigation of climate change impacts. Access to eelgrass as raw material for building
(roofs, isolation) and fertilization. Access to fish as food through commercial and
recreational fisheries. Access to wrasses for salmon delousing in fish farms. Direct,
intellectual, aesthetical and non-user values for recreation, research, education and
well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Estimated time lags are at ca 1-2 years (Moksnes et al. 2016a, b).

Costs per unit "restored” structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs are estimated to 120 000 — 250 000 euro
per hectare eelgrass meadow for the approach used in western Sweden (Moksnes
et al. 2016ab). However, Bayraktarov et al. (2016) give a median price for the
western world of 392 988 euro per hectare restored seagrass and de Groot et al.
(2013) present a range of 250 000 — 600 000 euro per hectare for coastal systems
including seagrasses.

References in general. Davis & Short 1997, van Katwijk et al. 1998, 2009, 2016, Orth
etal. 1999, 2011, de Jonge 2000, Worm & Reusch 2000, Calumpong & Fonseca 2001,
Short et al. 2002, Seddon 2004, Park & Lee 2007, Marion & Orth 2010, Fonseca 2011,
de Groot et al. 2013, Zhou et al. 2014, Zhang et al. 2015, Cole & Moksnes 2016,
Eriander et al. 2016, Infantes et al. 2016, Moksnes et al. 2016a, b, 2018, Yang et al.
2016, Zhao et al. 2016, Gagnon et al. 2019, Pajusalu et al. 2019,
https://www.lansstyrelsen.se/kalmar/stat-och-kommun/miljo/vatten/restaurering-
av-marina-miljoer.html#0, https://www.novagrass.dk/en/home/.

2.2 Restoration of soft bottom macrophytes (other than eelgrass)
Examples of drivers/human activities that can cause damage that needs to be

restored. Canalisation and other watercourse modifications (coastal dams,
culverting, trenching, weirs, large-scale water deviation); Restructuring of seabed
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morphology (dredging, beach replenishment, sea-based deposit of dredged
material); Fish and shellfish harvesting (bottom-touching towed gears, professional,
recreational); Fish and shellfish harvesting (pelagic towed gears, stationary gears,
professional, recreational); Aquaculture — marine, including infrastructure;
Agriculture; Forestry; Transport — shipping (incl. anchoring, mooring); Transport —
shipping infrastructure (harbours, ports, ship-building); Waste waters (urban,
industrial, and industrial animal farms); Tourism and leisure infrastructure (piers,
marinas); Tourism and leisure activities (boating, beach use, water sports, etc.).

Examples of pressures causing damage that needs to be restored. Disturbance of
species: Visual, presence, boating, recreational activities, above-water noise;
Extraction of target fish and shellfish species and incidental fish catches; Physical
disturbance to seabed (temporary or reversible and recovers within 12 y); Physical
loss (due to permanent change of seabed substrate or morphology and to extraction
of seabed substrate); Changes to hydrological conditions; Input of nitrogen; Input of
phosphorus; Input of organic matter — diffuse sources and point sources.

State change(s) in ecosystem components calling for attention/measures.
Decreased distribution of macrophytes and charophytes on soft bottoms.

Practical restoration method(s). Harvesting undesired competing vegetation,
transplantation and seeding of macrophytes, transplantation of overwintering
propagules.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Many examples from lakes on the European continent and from
e.g. Sweden, few experiences from the Baltic Sea; project in Bjornéfjarden,
Stockholm  archipelago, eastern Sweden (http://balticsea2020.org/alla-
projekt/overgodning/15-oevergoedning-avslutade-projekt/402-restaurering-av-
vegetationsklaedda-bottnar); A research project at Tvarminne in the Gulf of Finland
is studying recovery in mixed macrophyte communities with eelgrass Zostera marina
and angiosperms (Gustafsson, Kauppi & Salo unpubl.).

Main expected responses/outcomes of the measure. Successful restoration of soft
bottom macrophytes could improve ecosystem structure and several ecosystem
functions, such as habitat-forming, supporting biodiversity, fish nursery areas, CO;
sinks, coastal protection through wave-dampening and sediment stabilisation,
sequestration of nutrients and organic matter, etc. Negative responses: possible
conflicts with small boat traffic, swimming and other recreational use. Success may
demand simultaneous improvements in the environment through: phosphorus
inactivation by aluminium addition, biomanipulation, removal of nutrient rich
sediment, sediment covering, etc. Sometimes it may also be necessary to manipulate
the amount of grazing animals.

Evidence of success — with reference(s). Some success has been achieved for
restoration of macrophytes within lake restoration on the European continent, with
technical guidance available e.g. in Hilt et al. (2006) and Bakker et al. (2013). Swedish
information from lakes and rivers is given in the report by Degerman et al. (2017),
while Torn et al. (2010) give some information about brackish-water charophytes in
Estonia. The methods from freshwater systems can potentially be used also in
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brackish water areas (Shafer & Bergstrom 2010), although they are largely untested
outside the freshwater realm (Kraufvelin et al. 2020b). Some methods used within
eelgrass restoration may also work for other soft bottom macrophytes/angiosperms.
A research project at Tvarminne, Gulf of Finland, has recently studied recovery in
mixed macrophyte communities with both eelgrass and angiosperms (Gustafsson,
Kauppi & Salo unpubl.). The success of restoration of macrophytes on soft bottoms
may demand simultaneous improvements in the environment through: phosphorus
inactivation by aluminium addition, biomanipulation, removal of nutrient rich
sediment, sediment covering, etc. Sometimes it may also be necessary to manipulate
the amount of grazing animals (Kraufvelin et al. 2020a). More research, testing and
documentation are needed to see if active restoration measures used in these
communities increase the rate of recovery or how well the communities recover,
compared to just removing the pressures and allow for natural recovery (passive
restoration).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Biological regulation, Regulation of
eutrophication, Sediment retention, Food, Raw material, Recreation, Aesthetic
values, Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Less damage from climate change. Access to macrophytes as raw
material for building (roofs, isolation) and fertilization. Access to fish as food through
commercial and recreational fisheries. Direct, intellectual, aesthetical and non-user
values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, businessmen within tourism,
tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Estimated time lags may be ca 1-2 years (estimate from Moksnes et al.
2016ab). However according to Hilt et al. (2006) and Bakker et al. (2013), re-
establishment of plant communities is a very slow process which often comprises
20-40 years.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs per restored hectare are possibly
comparable with those for seagrass or ca 120 000 — 600 000 euro per hectare (de
Groot et al. 2013, Bayraktarov et al. 2016, Moksnes et al. 2016ab).

References in general. Bachmann et al. 1999, Smart & Dick 1999, van Nes et al. 2002,
Hilt et al. 2006, Gulati et al. 2008, Ailstock et al. 2010a, b, Shafer & Bergstrom 2010,
Torn et al. 2010, Reuterskold 2012, Bakker et al. 2013, de Groot et al. 2013, Rodrigo
et al. 2013, 2015, Ogdahl & Steiman 2015, Cooke et al. 2016, Cronk & Fennessy 2016,
Degerman et al. 2017, Zinko 2017, https://www.lansstyrelsen.se/kalmar/stat-och-
kommun/miljo/vatten/restaurering-av-marina-miljoer.html#0 and the project
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Levande kust (www.balticsea2020.org/alla-projekt/overgodning/14-oevergoedning-
pagaende-projekt/54-levande-kustzon).

2.3 Restoration of brown macroalgae, mainly Fucus vesiculosus

Examples of drivers/human activities that can cause damage that needs to be
restored. Land claim; Coastal defence and flood protection (seawalls, flood
protection); Restructuring of seabed morphology (dredging, beach replenishment,
sea-based deposit of dredged material); Extraction of minerals (rock, metal ores,
gravel, sand, shell); Fish and shellfish harvesting (bottom-touching towed gears,
professional, recreational); Fish and shellfish harvesting (pelagic towed gears,
stationary gears, professional, recreational); Aquaculture — marine, including
infrastructure; Agriculture; Forestry; Transport — shipping (incl. anchoring, mooring);
Transport — shipping infrastructure (harbours, ports, ship-building); Waste waters
(urban, industrial, and industrial animal farms); Tourism and leisure infrastructure
(piers, marinas); Tourism and leisure activities (boating, beach use, water sports,
etc.).

Examples of pressures causing damage that needs to be restored. Disturbance of
species: Visual, presence, boating, recreational activities, above-water noise;
Extraction of target fish and shellfish species and incidental fish catches; Physical
disturbance to seabed (temporary or reversible and recovers within 12 y); Physical
loss (due to permanent change of seabed substrate or morphology and to extraction
of seabed substrate); Changes to hydrological conditions; Input of nitrogen; Input of
phosphorus; Input of organic matter — diffuse sources and point sources.

State change(s) in ecosystem components calling for attention/measures.
Decreased distribution of perennial brown macroalgae on hard bottoms.

Practical restoration method(s). Transplantation of seaweed attached to
stones/boulders in areas where brown macroalgae have been lost or their
distribution has decreased significantly (Kautsky et al. 2019, 2020). Seeding of kelp
on “green gravel” (Fredriksen et al. 2020), enhancement of ex situ recruitment
(Verdura et al. 2018), direct seeding (Verdura et al. 2018), transplantation of adult
individuals (Carney et al. 2005), removal of local herbivores (Tracey et al. 2014), use
of artificial reefs (Carney et al. 2005).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Bjornofjarden, Stockholm archipelago, eastern Sweden;
Himmerfjarden, Trosa archipelago, eastern Sweden; Kalmar Sound, southeastern
Sweden; Bay of Gdansk, Poland; Kiel bight, Germany.

Main expected responses/outcomes of the measure. Successful restoration of
brown macroalgae could improve ecosystem structure and support several
functions, such as habitat-formation, biodiversity, fish nursery areas, CO; sinks,
coastal protection through wave-dampening, sequestration of nutrients and organic
matter, etc.
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The measure is relevant in areas where bladder-wrack occurs or has occurred
naturally, i.e. in areas with suitable salinity and substrate type. In large parts of the
Baltic Sea, i.e. the inner and outer parts, bladder-wrack is less important compared
to other macrophytes. For Denmark and western Sweden, restoration of seaweed
also seems less relevant, unless it is linked to reef restoration, as settlement of
macroalgae typically occurs rapidly, at least during spring/summer (Kraufvelin et al.
2010, 2020a). Most hard substrates on reefs/stone areas in the photic zone of the
western Baltic Sea have macroalgal growth. For the more saline areas of the western
Baltic Sea, however, restoration of various kelp species may be more relevant, for
example sugar kelp in combination with nutrient decrease (Moy et al. 2008, Bekkby
& Moy 2011, Moy & Christie 2012, Fredriksen et al. 2020).

Evidence of success — with reference(s). Restoration through transplantation of
bladder-wrack is very difficult and still no real success stories exist from the Baltic
Sea (see Kautsky et al. 2019, 2020 for details), with some possible exceptions (see
Krost et al. 2018). The methods have been used without long-term success, e.g. for
bladderwrack in the Baltic Sea (Engkvist et al. 2000, Berger et al. 2001, Kautsky et al.
2019, 2020) or with limited success in shallow water for some species of brown algae
in the Oslofjord in Norway (Christie & Fredriksen 2011), but see Krost et al. (2018)
from the Kiel bight in Germany. Before attempting bladder-wrack restoration, it has
to be clarified that the external growth conditions for the species are suitable. In
areas where bladder-wrack has completely disappeared, restoration has proven
difficult due to grazers rapidly consuming transplanted bladder-wrack specimens
(e.g. Engkvist et al. 2000, Berger et al. 2001, Kautsky et al. 2019, 2020). Kautsky et al.
(2019, 2020) have prepared a thorough guideline for bladder-wrack restoration on
the Swedish east coast (northern Baltic Proper) and they list epiphytic load, light
conditions, grazing and type of substratum as factors that need to be taken into
consideration in order to achieve successful restoration of bladder-wrack. They also
provide in depth information about how to practically accomplish bladder-wrack
restoration (Kautsky et al. 2019, 2020).

There are also methods available for restoring sugar kelp along the Skagerrak-coast
of Norway in combination with nutrient decrease (Moy et al. 2008, Moy & Christie
2012). In these cases, suitable areas for restoration should be mapped beforehand
(Bekkby & Moy 2011). Recently, there are some promising results for the restoration
of sugar kelp in the Norwegian part of Skagerrak using a technique referred to as
seeded “green gravel” (Fredriksen et al. 2020). Gravel were seeded with kelp and
reared in the laboratory until the algae reached 2-3 cm when the gravel was
transferred to the field. The planted kelp showed high survival and growth over nine
months, even when dropped from the surface. The applied technique is cheap,
simple, does not require scuba diving or highly trained field workers and it can be
up-scaled to treat large areas and even to introduce genes from more resilient kelp
populations onto vulnerable kelp forests (Fredriksen et al. 2020). This method can
also overcome propagule limitation and lack of hard substrate (Gorgula & Connell
2004, Burek et al. 2018) and there is no destructive harvest and transplantation of
donor macroalgal individuals (Fredriksen et al. 2020). A number of different methods
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have also been used for restoration of kelp in Chile (Westermeier et al. 2014) and in
Canada (Heath & Chambers 2014).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Biological regulation, Regulation of
eutrophication, Sediment retention, Food, Raw material, Recreation, Aesthetic
values, Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Less physical damage on shores, properties and infrastructure. Less
damage from climate change. Access to kelp as raw material for fish feed, etc. Access
to fish as food through commercial and recreational fisheries. Access to wrasses for
salmon delousing in fish farms. Direct, intellectual, aesthetical and non-user values
for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. At least 4-5 years for bladder-wrack, Fucus vesiculosus, in the Baltic
Sea, since this is the time needed for the macroalgal individuals to reach
reproductive age (Kautsky et al. 2019, 2020). For restoration of kelp by using the
“green gravel” technique, the time lags still remain to be tested, but there are
indications that they may be considerably shorter (Fredriksen et al. 2020).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs for restoration of Fucus vesiculosus in the
Baltic Sea have been estimated by Kautsky et al. (2020) and they present the time
required for various stages connected with transplanting a certain number of
bladder-wrack individuals, including a follow-up program. In total 464 hours are
estimated to be needed for planning, actual transplantation and following up of the
transplantation success for 350 bladder-wrack individuals. For restoring 1 m? of kelp
forest through different measures the following costs have been reported: seeding
on “green gravel” 6.23 euro (Fredriksen et al. 2020), enhancement of ex situ
recruitment 105 euro (Verdura et al. 2018), direct seeding 43 euro (Verdura et al.
2018), transplantation 5-142 euro (Carney et al. 2005), removal of local herbivores
2 euro (Tracey et al. 2014), artificial reefs 7 euro (Carney et al. 2005). Globally, de
Groot et al. (2013) present a range of 250 000—600 000 euro per hectare for coastal
systems including perennial macroalgae on rocky shores. The presented costs for
macroalgal restoration, depending on species, geographical region and method, vary
internationally with several orders of magnitudes; from 20 000-26 000 euros (Tracey
et al. 2014, Campbell et al. 2014) to 2 300 000 euro per hectare (Carney et al. 2005).
Globally, de Groot et al. (2013) present a range of 250 000 — 600 000 euro per hectare
for coastal systems including perennial macroalgae on rocky shores. The presented
costs for macroalgal restoration, depending on species and geographical region, vary
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internationally with several orders of magnitudes; from 26 012 euro (Campbell et al.
2014) to 2 285 880 euro per hectare (Carney et al. 2005).

References in general. Engkvist et al. 2000, Berger et al. 2001, Gorgula & Connell
2004, Carney et al. 2005, Moy et al. 2008, Zweifel 2008, Palsson 2009, Salonsaari
2009, Bekkby & Moy 2011, Moy & Christie 2012, de Groot et al. 2013, Campbell et
al. 2014, Heath & Chambers 2014, Tracey et al. 2014, Westermeier et al. 2014, Yoon
et al. 2014, Burek et al. 2018, Krost et al. 2018, Verdura et al. 2018, Kautsky et al.
2019, 2020, Fredriksen et al. 2020, www.marbipp.tmbl.gu.se/,
www.balticsea2020.org/alla-projekt/overgodning/14-oevergoedning-pagaende-
projekt/54-levande-kustzon, http://balticsea2020.org/alla-projekt/overgodning/14-
oevergoedning-pagaende-projekt/566-restaurering-av-blastangssamhaellen-en-
manual-foer-tillvaegagangssaett,  https://www.lansstyrelsen.se/kalmar/stat-och-
kommun/miljo/vatten/restaurering-av-marina-miljoer.htmI#0).

2.4 Restoration of blue mussel reefs

Examples of drivers/human activities that can cause damage that needs to be
restored. Land claim; Coastal defence and flood protection (seawalls, flood
protection); Restructuring of seabed morphology (dredging, beach replenishment,
sea-based deposit of dredged material); Extraction of minerals (rock, metal ores,
gravel, sand, shell); Renewable energy generation (wind, wave and tidal power),
including infrastructure; Fish and shellfish harvesting (bottom-touching towed gears,
professional, recreational); Fish and shellfish harvesting (pelagic towed gears,
stationary gears, professional, recreational); Aquaculture — marine, including
infrastructure; Transport — shipping (incl. anchoring, mooring); Transport — shipping
infrastructure (harbours, ports, ship-building); Waste waters (urban, industrial, and
industrial animal farms); Tourism and leisure infrastructure (piers, marinas); Tourism
and leisure activities (boating, beach use, water sports, etc.).

Examples of pressures causing damage that needs to be restored. Input or spread
of non-indigenous species; Disturbance of species: Visual, presence, boating,
recreational activities, above-water noise; Extraction of target fish and shellfish
species and incidental fish catches; Physical disturbance to seabed (temporary or
reversible and recovers within 12 y); Physical loss (due to permanent change of
seabed substrate or morphology and to extraction of seabed substrate); Changes to
hydrological conditions; Input of nitrogen; Input of phosphorus; Input of organic
matter — diffuse sources and point sources; Input of other substances (e.g. synthetic
substances, non-synthetic substances, radionuclides) — diffuse sources, point
sources, atmospheric deposition, acute events.

State change(s) in ecosystem components calling for attention/measures.
Decreased distribution of biogenic blue mussel reefs on hard bottoms. This far,
mainly local decrease in mussel abundance has been reported, but in western
Sweden (Kattegat and Skagerrak), a larger-scale decrease and disappearance of blue
mussels seem to be taking place as reported by both scientists and people collecting
mussels for recreational purposes (Andersen et al. 2016, Frigstad et al. 2018, Havs-
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och vattenmyndigheten 2020, Christie et al. 2020). Especially blue mussel reefs on
soft bottoms seem to be declining or have even disappeared (Svedberg 2019).

Practical restoration method(s). The measure aims to support and strengthen
natural populations of blue mussel (Mytilus edulis/trossulus) in areas where mussel
abundances are decreasing due to human activities, unbeneficial environmental
factors or increased predation by birds and mesopredatory fish and crabs. This can
be achieved by deploying mussel shells (for example from mussel farms) as
recruitment substrates or other natural or artificial substrates onto bottoms in areas
with natural availability for mussel recruits. Alternatively, mussels can be naturally
recruited onto (jute or coconut fibre fabric) substrates in the water mass and later
transplanted to the bottom together with the substrate. Direct transplantation of
adult mussels is another option and may be especially relevant in areas with a high
predation pressure on juvenile blue mussels by eider ducks, mesopredatory fish (e.g.
wrasses) or shore crabs (Christie et al. 2020) that are consuming juvenile mussels
and impacting the recruitment to the adult population. The use of mussels from
mussel farms may be a way to get around the predation on juvenile mussels, but
transplantation methods need to make sure to have the right genetical base for the
restored area and to take caution not to spread diseases or parasites. The
recruitment to some coastal areas may in itself also be restricted and strengthening
recruitment substrates may work if the substrate is the restricting factor for the
recruitment. In some areas, however, minimizing pressures on blue mussel reefs
might be more efficient than undertaking active restoration measures.

Choosing the most suitable site(s) for restoration could also be examined more
closely. Normally, restoration is attempted on “historical” sites and this does not
always need to be the best alternative, although the recreation of previous
occurrences should be targeted. Alternatively, the conditions around existing mussel
reefs could be studied and quantified and these could be compared with localities
where the reefs have been lost to see if the conditions have changed and use the
information to maybe find more suitable locations. The use of artificial surfaces
deployed in the sea which could be tailor-made to favour mussels could also be
examined more closely. This applies to docks, piers, harbours, windfarm and bridge
fundaments that all have the potential to serve as good mussel environments
(Lindegarth et al. 2019).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Halsefjord and Stigfjorden, western Sweden (in Skagerrak);
Limfjorden, northern Denmark; Ngrrefjord, southern Denmark.

Main expected responses/outcomes of the measure. Successful restoration of blue
mussel reefs could improve ecosystem structure and several functions, such as
habitat-forming, supporting biodiversity, supporting food web productivity, reducing
turbidity, coastal protection through wave-dampening, sequestration of nutrients
and organic matter, etc. Some negative responses may be present such as possible
conflicts with boat navigation and that the new habitat may demand space from
other marine habitats.
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Evidence of success — with reference(s). The measure is relevant in areas where blue
mussels occurs and/or have occurred naturally, i.e. in areas with suitable salinity and
substrate type. The listed methods for restoration can in Denmark lead to fast re-
establishment, within 1-2 years, of functional/harvestable mussel stands (Dolmer et
al. 2009). Successful restoration of biogenic reefs of mussels have been observed to
increase the structural complexity and biodiversity of the habitat and associated
fauna, which may support an increased fish growth and diversity over time
(Kristensen et al. 2015). The restoration may also include many positive side effects,
such as mussels serving as habitats for associated organisms and fish, clearer waters
and increased coastal protection (Kraufvelin et al. 2020b). As restoration projects
focusing on mussel reefs still are rare, there is not much information available on
follow ups, maybe with the exception of Dolmer et al. (2009) and Kristensen et al.
(2015).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Biological regulation, Regulation of
eutrophication, Sediment retention, Food, Raw material, Recreation, Aesthetic
values, Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Less physical damage on shores, properties and infrastructure. Less
damage from climate change. Access to mussels as food, feed and raw material.
Access to fish as food through commercial and recreational fisheries. Access to
wrasses for salmon delousing in fish farms. Direct, intellectual, aesthetical and non-
user values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, mussel farmers,
businessmen within tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. The time lags for positive effects to be seen are probably roughly
comparable to the values encountered when establishing mussel farming, but with
a certain delay due to slower mussel growth on the bottom compared to what is the
case for mussel growth in the water mass. The time is also dependent on
geographical location (i.e. salinity, amount of food for the mussels); thus 1-3 years
could be a realistic number.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Blue mussel restoration is probably one of the
least costly marine restoration methods, provided that the measures are successful.
Still, no cost estimates seem to exist for restoration of blue mussel reefs in the Baltic
Sea. For indicative global comparison, a median cost of 194 270 euro per hectare
restored oyster reef is given by Bayraktarov et al. (2016), while de Groot et al. (2013)
present a range of 250 000 — 600 000 euro per hectare for coastal systems including
rocky shores. Grabowski et al. (2012) give an achieved economical value for oyster
reef ecosystem services around 5 000 — 90 000 euro per hectare and year (without

21



oyster harvest) and estimate the reefs to return their restoration costs in 2 — 14
years. If the reefs are subjected to destructive oyster harvest, however, they will not
return the restoration costs (Grabowski et al. 2012).

References in general. Crisp 1967, Holt et al. 1998, Brumbaugh et al. 2000, Mann &
Powell 2007, Dolmer et al. 2009, Beck et al. 2011, ElsdRer et al.. 2013, de Groot et al.
2013, Baggett et al. 2015, George et al. 2015, Kristensen et al. 2015, Sharma et al.
2016, Kraufvelin et al. 2020b, Christie et al. 2020).

2.5 Restoration of stony reefs in areas where these have previously been lost

Examples of drivers/human activities that can cause damage that needs to be
restored. This refers to past activities. Restructuring of seabed morphology
(dredging, beach replenishment, sea-based deposit of dredged material); Extraction
of minerals (rock, metal ores, gravel, sand, shell); Transport — shipping infrastructure
(harbours, ports, ship-building).

Examples of pressures causing damage that needs to be restored. Physical
disturbance to seabed (temporary or reversible and recovers within 12 y); Physical
loss (due to permanent change of seabed substrate or morphology and to extraction
of seabed substrate); Changes to hydrological conditions.

State change(s) in ecosystem components calling for attention/measures. Loss of
hard surfaces through exploitation, stone fishing, marine extraction.

Practical restoration method(s). Restoration and revitalization of stony/boulder
habitats is a priority in areas where these habitats have previously been destroyed
or lost due to human activities. These measures are undertaken in order to bring
back the degraded habitat to a state where it can support biodiversity and also
possibly the productivity of fish populations. The measures aim to re-establish
natural physical hard structures, and are mainly applicable for the southern and
south-western Baltic Sea. In practice, the restoration measure comprises
reintroduction of natural or blasted rocks that can serve as underwater
stony/boulder reefs to allow for the colonisation of hard bottom macroalgal and
macrofaunal assemblages, including crustaceans, mussels and fish. The main
difference from deploying artificial reefs is that restoration of stone reefs is done to
counteract historical losses using natural substrates/materials, while the artificial
reefs are rather deployed for modifying the natural underwater seascape using
artificial substrates/materials.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Laesp Trindel, Kattegat, Denmark; Vinga stony reefs outside
Gothenburg, Sweden. Mainly in Denmark and to a lesser extent in Sweden.

Main expected responses/outcomes of the measure. The measure is relevant for
coastal areas where stony reefs have previously been present, but where they are
now depleted, such as in the southern and south-western Baltic Sea. There are
mostly local positive effects of the measures, but with a combination of the
establishment of marine protected areas, some wider scale positive impact may be
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achieved. Positive responses: more habitat for marine organisms, increased
biodiversity, preserved ecosystem services, improved coastal protection against
erosion, sequestration of organic material and nutrients, etc. Negative responses:
altered bottom structure, impact on water circulation, effects on soft bottom
organisms, the new habitat may demand space from other marine habitats,
introduced hard substrates in areas of predominating soft bottoms can serve as
stepping stones for non-indigenous invasive species competing with native species,
promoting "attraction by individuals" ahead of "production" can lead to
overharvesting of certain species. Whether the observed increases are pure
attraction effects of the fish or if they also reflect effects at the population
abundance level, is not established due to a lack of long-term follow-up studies.
However, combining the measure with protection from fishing is important to
facilitate rapid re-establishment and to avoid over-fishing. It may also be relevant to
observe if natural predators such as seals and cormorants are gathered around the
reefs as fish are expected to become easier to catch in areas where they aggregate,
such as around restored stone reefs.

Evidence of success — with reference(s). In the Baltic Sea region, a restoration was
applied in Denmark to areas where the original hard substrate historically has been
removed by stone fishing, leaving a soft, predominantly sandy substrate that could
not support the natural biological community including fish. When stone reefs were
re-introduced, it was observed that the biotic community changed as the new
structures attracted species with a preference for rocky habitats. Monitoring in such
areas have shown increased biodiversity, increased abundances of fish, including
increased abundance of larger specimens of certain species of fish (Stgttrup et al.
2014, 2017) and even harbour porpoise (Mikkelsen et al. 2013). Several other
projects are also going on in Denmark to restore stone reefs to increase bottom area
and reach GES. In Sweden, measures such as the restoration of lost stone reefs,
alongside the use of artificial reefs, are under consideration for instance by the
Swedish Marine and Water Management Agency (SWAM), although currently the
measure is not regarded as being of a very high priority, but merely to have a low
national potential.

Similar effectiveness of the measure can be deduced from monitoring fish close to
offshore wind farms in the Sound area, where boulders are deployed as scour
protection around the turbine foundations (Bergstrom et al. 2013, Stenberg et al.
2015). Comparable examples can also be found from areas outside of the Baltic Sea
(HELCOM 2018). At Vinga in Sweden, there has also been an Increase in commercially
important fish species such as cod and saithe (Egriell et al. 2007, Wikstréom et al.
2016) and increase in shellfish and other benthic life forms (Salonsaari 2009, Palsson
20009).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Sediment retention, Food,
Recreation, Aesthetic values, Science and education, etc.

Examples of human benefits from the measure(s). Less physical damage on shores,
properties and infrastructure. Access to macroalgae, mussels and oysters as raw
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material, food and feed. Access to fish as food through commercial and recreational
fisheries. Access to wrasses for salmon delousing in fish farms. Direct, intellectual,
aesthetical and non-user values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, mussel farmers,
businessmen within tourism, tourists

Possible time lags before positive effects can be seen after the measures have been
undertaken. Positive effects on macroalgae and small macroinvertebrates probably
occur rapidly, within weeks and months (Egriell et al. 2007). However, ca 2—3 years
are needed for significant positive effects on lobster and fish to occur from
constructed stony reefs combined with establishment of marine protected areas
(Wikstrom et al. 2016).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. The local positive effects of restoring stony
reefs are high, but since this kind of restoration is very expensive, the restored areas
are very small. Restoration of 7 hectares and stabilisation of 6 hectares of stony reefs
at Leesg Trindel in Denmark costed 4 800 000 euro (St@ttrup et al. 2014, 2017). The
construction and monitoring of seven stony reefs (more of the artificial reef type,
see point 14 below) at Vinga outside Gothenburg in Sweden costed about 1 200 000
euro (Salonsaari 2009, Wikstrom et al. 2016).

References in general. Egriell et al. 2007, Salonsaari 2009, Palsson 2009, Bulleri &
Chapman 2010, Malm & Engkvist 2011, Degraer et al. 2011, Chapman 2012,
Mikkelsen et al. 2013, Stgttrup et al. 2014, 2017, Bergstrom et al. 2015, Stenberg et
al. 2015, Dafforn et al. 2015, Wikstrom et al. 2016,
www.naturstyrelsen.dk/naturbeskyttelse/naturprojekter/blue-reef/.

2.6 Restoration of soft bottoms naturally free of vegetation

Examples of drivers/human activities that can cause damage that needs to be
restored. Canalisation and other watercourse modifications (coastal dams,
culverting, trenching, weirs, large-scale water deviation); Restructuring of seabed
morphology (dredging, beach replenishment, sea-based deposit of dredged
material); Extraction of minerals (rock, metal ores, gravel, sand, shell); Transmission
of electricity and communications (cables); Fish and shellfish harvesting (bottom-
touching towed gears, professional, recreational); Transport — shipping (incl.
anchoring, mooring); Tourism and leisure activities (boating, beach use, water
sports, etc.).

Examples of pressures causing damage that needs to be restored. Disturbance of
species: Visual, presence, boating, recreational activities, above-water noise;
Disturbance of species: Other (e.g. barriers, collision); Extraction of target fish and
shellfish species and incidental fish catches; Physical disturbance to seabed
(temporary or reversible and recovers within 12 y); Physical loss (due to permanent
change of seabed substrate or morphology and to extraction of seabed substrate);
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Changes to hydrological conditions; Input of organic matter — diffuse sources and
point sources.

State change(s) in ecosystem components calling for attention/measures.
Disturbed/damaged bottoms after e.g. construction and cable work or due to
eutrophication (e.g. accumulation of drifting algae).

Practical restoration method(s). Damaged unvegetated soft bottoms can be
restored through covering the seafloor with new bottom material e.g. after coastal
construction works or by collection and removal of e.g. drifting macroalgae to re-
establish bottoms naturally free from vegetation. Possible measures may also
include natural (passive) resedimentation of previously dredged waterways when
these are no longer in use.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Aland islands; western Sweden, etc.

Main expected responses/outcomes of the measure.

Examples of positive responses of these measures are: re-establishment of previous
habitats and bottom substrates for bottom fauna as well as reproductive areas for
fish. Among negative responses there are: risks for changed or unnatural sediment
composition (as it is very difficult to reconstruct the right proportions of sand, mud
and gravel making up the seafloor), risks of removing important species while
removing macroalgae.

The recovery process depends on which species are present in the area and their
respective life cycles, mobility and capability of dispersal (Lewis et al. 2002).
Recolonization of plants (in the photic zone) and animals (in the photic and aphotic
zone) are typical positive responses. If the surface sediment is removed or altered,
however, a biogeochemically active layer with associated functions disappear with
potential consequences for the recovery (Hulth & Sundback 2009). Experiments have
shown that lower levels of bottom living microalgae restrict the recolonization of
macrofauna (Stocks & Grassle 2001). Full recovery after measures such as dredging
is probably restricted both by a slow or seasonal recruitment and by the availability
of food (see Norkko et al. 2006 for references). The spatial scale of the disturbance
seems to be the most crucial factor for the speed, succession and completeness of
the recolonising macrofauna community (Lewis et al. 2002, Bolam et al. 2006,
Norkko et al. 2006). The recovery of flora and fauna can possibly be boosted by
leaving undisturbed refugia in the treated area that can serve as local banks for a
recolonization (Hulth & Sundbé&ck 2009).

Evidence of success — with reference(s). Active restoration may often be quite
complicated to achieve and passive resedimentation may in many cases be
preferable. The measure is sometimes mandatory in connection with seabed
installations, such as cable works.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Sediment
retention, Food, etc.
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Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through commercial and recreational fisheries.
Direct, intellectual, aesthetical and non-user values for recreation, research,
education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, businessmen within tourism,
tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Positive responses for the macrofauna occur pretty fast during spring
and summer seasons, i.e. within weeks and months (Lewis et al. 2002). For the fish,
it depends of the time of the year which means from immediate positive responses
to within 1 year.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Cooper et al. (2013) calculated restoration
costs for a dredged site of 83.9 hectare in the Thames estuary, Great Britain and
reached a value of 11 252 euro per hectare. This amount included cost for
restoration (dredging, capping, bed levelling), licensing, carbon footprint and survey
costs (one baseline survey and two post-restoration surveys).

References in general. Pihl 2001, Lewis et al. 2002, Boyd et al. 2003, Bellew &
Drabble 2004, Norkko et al. 2006, Johnson et al. 2007, Hulth & Sundback 2009,
Cooper et al. 2013, Martinsson 2015, Cooke et al. 2016, www.marbipp.tmbl.gu.se/

2.7 Restoration of coastal wetlands and fladas/lagoons

Examples of drivers/human activities that can cause damage that needs to be
restored. This refers to past activities leading to loss of functions such as natural
spawning habitats, nutrient trapping, etc. Land claim; Canalisation and other
watercourse modifications (coastal dams, culverting, trenching, weirs, large-scale
water deviation); Coastal defence and flood protection (seawalls, flood protection);
structuring of seabed morphology (dredging, beach replenishment, sea-based
deposit of dredged material); Fish and shellfish harvesting (bottom-touching towed
gears, professional, recreational); Fish and shellfish harvesting (pelagic towed gears,
stationary gears, professional, recreational); Aquaculture — marine, including
infrastructure; Agriculture; Forestry.

Examples of pressures causing damage that needs to be restored. Loss of, or change
to, natural biological communities due to cultivation of animal or plant species;
Disturbance of species: Visual, presence, boating, recreational activities, above-
water noise; Disturbance of species: Other (e.g. barriers, collision); Extraction of
target fish and shellfish species and incidental fish catches; Physical disturbance to
seabed (temporary or reversible and recovers within 12 y); Physical loss (due to
permanent change of seabed substrate or morphology and to extraction of seabed
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substrate); Changes to hydrological conditions; Input of nitrogen; Input of
phosphorus; Input of organic matter — diffuse sources and point sources

State change(s) in ecosystem components calling for attention/measures.
Disturbance to and loss of shallow bay habitats, fladas/lagoons, coastal wetlands and
flooding areas. Spawning and recruitment habitats in coastal tributaries for coastal
fish have undergone substantial deterioration in many regions of the Baltic Sea
(Engstedt et al. 2010, Nilsson et al. 2014, Kraufvelin et al. 2018. 2020c). The measure
is relevant to reduce this impact in coastal areas within the natural range of
freshwater-spawning coastal fish species, where the availability of natural spawning
areas is limited due to human-induced habitat loss. The positive effects are mainly
local, within coastal areas, but with a potential for basin wide positive effects.

Practical restoration method(s). Recreating wetlands, through e.g. impoundments,
enables periods with flooding to keep the water longer in the system. These
wetlands can serve as nutrient traps, improve birdlife, improve habitats for
amphibians and invertebrates, and promote the recruitment of pike and perch, but
also other fish species such as cyprinids. Approximately 100 wetlands have been
restored along the Swedish east coast to promote reproduction and recruitment of
pike and perch. For the same purpose, fish migration obstacles have been removed
in about 40 coastal streams in Sweden (Hansen et al. 2020). Similar initiatives are
also ongoing in Finland and Estonia. Coastal wetlands are often popular recreational
sites for nature enthusiasts. Restoration and revitalization of coastal wetlands, fladas
and lagoons as spawning and recruitment habitats for fish are key priorities in areas
where wetlands have previously been drained and destroyed, in order to bring back
the degraded habitat to a state where it can support biodiversity and also the
productivity of fish populations.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Bjornofjarden, Stockholm archipelago, eastern Sweden; Kalmar
Sound, southeastern Sweden; Gyldensteen strand, Denmark; pike factories at
numerous places along the Swedish Baltic Sea coast (Swedish Anglers Association);
fladas in the Quark area (in both Sweden and Finland)

Main expected responses/outcomes of the measure. Experiences of the
effectiveness of restoring wetlands and tributaries to support spawning habitats of
coastal fish are available from the Baltic Sea coast of Sweden. Examples of positive
responses from the restoration of wetlands include maintenance of a high biological
production and diversity as well as function as nutrient and sediment traps (buffering
zones), promoted fish reproduction ("pike factories", perch), benefits for bird and
amphibian life, recreation, etc. Increased number of predatory fish can contribute to
decreased eutrophication through an increased predation on smaller fish and other
prey species, both in the wetland and in the sea outside. This can in turn increase
the amount of grazing zooplankton, crustaceans and gastropods controlling
phytoplankton and periphyton and filamentous algae (Ostman et al. 2016). The
effects of restored wetlands on nutrient retention/uptake by slowing down the
nutrient flux through the ecosystems and thereby combating marine eutrophication
should not be forgotten either. This is an important positive side effect of many
wetland restoration projects that are done explicitly to benefit fish. Negative
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responses include potentially disturbed terrestrial ecosystems, alteration of
freshwater or marine habitats, potential harmful effects of certain bird species.

Evidence of success — with reference(s). Coastal wetlands and rivers are very
important as reproductive areas for many species of coastal fish. In addition to pike,
also perch and many species of cyprinids migrate to fresh water in spring for
spawning (Ljunggren et al. 2011, Fredriksson et al. 2013). Presence of flooded
vegetation is beneficial to the recruitment of pike (Nilsson et al. 2014). Restoration
of wetlands as reproduction areas, foremost for pike, have in many cases been
shown to result in a strong increase in the production of juvenile pike as a result of
optimal spawning conditions, predation refuge and food production (Nilsson et al.
2014, Larsson et al. 2015, Hansen et al. 2020). Effects on adult populations are not
yet well established, but some studies are ongoing (Hansen et al. 2020, see also
Fredriksson et al. 2013). Ecological functions of coastal wetlands are estimated to
become restored within 20 years (Borja et al. 2010). There are evident needs for
improved coordination of different management measures within restoration of
wetlands as well as long-term monitoring of their effects on recruitment, local fish
populations and the ecosystem as a whole (Hansen et al. 2020).

Examples of ecosystem services that may be influenced positively by the
measure(s). Primary production, Food web dynamics, Habitat, Biodiversity,
Resilience, Climate and atmospheric regulation, Biological regulation, Regulation of
eutrophication, Sediment retention, Food, Raw material, Recreation, Aesthetic
values, Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through commercial and recreational fisheries.
Direct, intellectual, aesthetical and non-user values for recreation, research,
education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Generally at least one year is needed before significant increases occur
in juvenile production and juvenile emigration of pike (Nilsson et al. 2014). Effects
on the adult population takes considerably longer.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. For Sweden, 281 hectare wetland/coastal lakes
were restored between 2010 and 2019 and 2 610 hectares were made accessible for
pike by 83 measures/projects by the Swedish Anglers Association (Hansen et al.
2020). The costs for one hectare restored wetland are estimated to 10 000 — 20 000
EUR (including planning and restoration, but excluding monitoring costs afterwards).
Globally, de Groot et al. (2013) present a range of 15 000 — 600 000 EUR per restored
hectare for coastal wetlands.
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References in general. Sandell & Karas 1995, Zedler & Callaway 1999, Warren et al.
2002, Sandstrom 2003, Olsson et al. 2004, Simenstad et al. 2006, Degerman 2008,
Isaksson 2009, Palsson 2009, Salonsaari 2009, Borja et al. 2010, Engstedt et al. 2010,
Ljunggren et al. 2011, Staszak & Armitage 2012, Fredriksson et al. 2013, de Groot et
al. 2013, Strand & Weisner 2013, Lindahl 2014, Nilsson et al. 2014, Larsson et al.
2015, Tibblin et al. 2016, Zhao et al. 2016, Ostman et al. 2016, Arheimer & Pers 2017,
Kraufvelin et al. 2018, Saarinen 2019, Hansen et al. 2020,
www.balticsea2020.org/alla-projekt/overgodning/15-oevergoedning-avslutade-
projekt/279-strandaeng-foer-gaeddyngelproduktion,
https://www.lansstyrelsen.se/kalmar/stat-och-kommun/miljo/vatten/restaurering-

av-marina-miljoer.html#0, https://baltcf.org/project/pike-factories-restoring-
wetlands-for-natural-pike-reproduction/,
http://www.avijf.dk/avinf/naturomrader/gyldensteen-strand/ and

www.gyldensteen-research.dk/.

2.8 Invigorate piscivorous fish populations to rehabilitate coastal ecosystem function

Examples of drivers/human activities that can cause damage that needs to be
restored. This refers to past activities leading to loss of functions such as natural
spawning habitats, etc. Land claim; Canalisation and other watercourse
modifications (coastal dams, culverting, trenching, weirs, large-scale water
deviation); Coastal defence and flood protection (seawalls, flood protection);
structuring of seabed morphology (dredging, beach replenishment, sea-based
deposit of dredged material); Fish and shellfish harvesting (bottom-touching towed
gears, professional, recreational); Fish and shellfish harvesting (pelagic towed gears,
stationary gears, professional, recreational); Aquaculture — marine, including
infrastructure; Agriculture; Forestry.

Examples of pressures causing damage that needs to be restored. Loss of, or change
to, natural biological communities due to cultivation of animal or plant species;
Disturbance of species: Visual, presence, boating, recreational activities, above-
water noise; Disturbance of species: Other (e.g. barriers, collision); Extraction of
target fish and shellfish species and incidental fish catches; Physical disturbance to
seabed (temporary or reversible and recovers within 12 y); Physical loss (due to
permanent change of seabed substrate or morphology and to extraction of seabed
substrate); Changes to hydrological conditions; Input of nitrogen; Input of
phosphorus; Input of organic matter — diffuse sources and point sources; Input of
anthropogenic sound (impulsive, continuous); Input of other forms of energy
(including electromagnetic fields, light and heat).

State change(s) in ecosystem components calling for attention/measures. The
measures can be undertaken to counteract decreased abundance and size of
predatory fish, negative effects that are present at a Baltic Sea wide scale.

Practical restoration method(s). Protection of shallow coastal environments by
spatial or temporal closures, applying fishing gear and catch regulations, applying
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boating regulations, controlling seals and cormorants, etc. in order to restore
populations of predatory fish.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Measures are being discussed and attempted in many areas. For
fishing regulation, see map over restricted fishing areas along the Swedish coast and
offshore (se figure 1 in Bergstrom et al. 2016b).

Main expected responses/outcomes of the measure. The goals are to achieve
invigorated populations of predatory fish, with more big individuals and the knock
on effects being less eutrophication symptoms through the re-establishment of
trophic control.

Evidence of success — with reference(s). Several measures can be considered, of
which not all have been rigorously tested. For example, fisheries no-take areas can
lead to strengthened populations of predatory fish (Egriell et al. 2007, Wikstrom et
al. 2016, Bergstrom et al. 2019, Bostedt et al. 2020). Strengthened populations of
predatory fish and of large individuals may relieve eutrophication symptoms and
serve to strengthen habitats through re-establishment of trophic control (see e.g.
Moksnes et al. 2008, Eriksson et al. 2009, Ostman et al. 2016, Donadi et al. 2017, but
see also Kraufvelin et al. 2020a). The measures for establishing no-take and marine
protected areas are highly feasible in combination with fisheries management. The
effects of permanent no-take areas are well studied, but for other measures in the
Baltic Sea such as time and gear dependent regulated fishery, boating regulations,
controlling seals and cormorants, etc., not much information is yet available.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Biological
regulation, Regulation of eutrophication, Food, Recreation, Science and education,
etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through commercial and recreational fisheries.
Access to wrasses for salmon delousing in fish farms. Direct, intellectual, aesthetical
and non-user values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Data from Vinga marine reserve and other MPA-examples indicate that
positive responses on harvestable species are detectable within 1-3 years (Egriell et
al. 2007, Bergstrom et al. 2016, Wikstrom et al. 2016, Bergstrom et al. 2019).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs for protection measures by creating no-
take areas are very low. Principally they can be established more or less for free
unless bought land and water areas are included or some compensation fees need
to be paid to former users. However, in their analysis of benefits and costs of two
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temporary no-take zones, Bostedt et al. (2020) report conflicting results: when
fisheries were relocated, fisheries benefits outweighed costs, but when no fisheries
were relocated, costs outweighed benefits in some scenarios (Bostedt et al. 2020).

References in general. Egriell et al. 2007, Wikstréom et al. 2016, Bergstrom et al.
2016, Ostman et al. 2016, Bergstrém et al. 2019, Kraufvelin et al.2020a, Bostedt et
al. 2020.

2.9 Reducing nutrient loading by farming and harvesting blue mussels

Examples of drivers/human activities that can cause damage that needs to be
restored. Not applicable.

Examples of pressures causing damage that needs to be restored. Input of nitrogen;
Input of phosphorus.

State change(s) in ecosystem components calling for attention/measures.
Increased eutrophication of coastal water bodies through excessive input of
nutrients and organic material and high internal nutrient load in the system.

Practical restoration method(s). The measure comprises natural recruitment of blue
mussels onto artificial farming substrates such as ropes (longlines) or nets hanging
vertically in the water mass. This is followed by natural mussel growth and eventual
harvest of mussels leading to nutrient removal (Kraufvelin & Diaz 2015, Kotta et al.
2020a).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Farming data available from Kumlinge, Aland Islands, Finland
(inner Baltic); Sankt Anna, Southeastern Sweden (central Baltic); Kiel Bay, Germany
(outer Baltic); Limfjorden, Denmark; Settlement and growth data available from
many areas (see Kotta et al. 2020a).

Main expected responses/outcomes of the measure. Farming and harvesting of
blue mussels may lead to removal of nutrients and clearer waters. Negative
environmental impacts are restricted in the case of small mussel farms and farms
that are located in areas with an efficient water exchange rate (see Kraufvelin & Diaz
2015 for references), although Hedberg et al. (2018) and Wikstrém et al. (2020) raise
concern about negative impacts in connection with big and dense farms (see below).
Farming and harvesting of marine organisms is one of few methods available that
are capable of direct removal of nutrients that are already present in the marine
ecosystem (see also measures 9-11). Positive responses summarised: nutrient
removal at harvest (one of few methods available to remove nutrients already
present in the sea), clearer waters and the harvested blue mussels constitute a
marine resource. Negative responses summarised: local accumulation of nutrients,
organic load and possibly oxygen deficiency beneath the farm, unwanted plankton
blooms, possible conflicts with boat navigation, and use of water areas at the
expense of other potential activities.
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Evidence of success — with reference(s). Farming and harvesting may lead to
removal of nutrients and clearer waters. Farming and harvesting of marine
organisms is one of the few methods available that are capable of direct removal of,
but also in this case, further use of nutrients already present in the marine ecosystem
(Kotta et al. 2020a, b). At the moment, the development in mussel farming for
nutrient removal is fast in the Baltic Sea, especially in its south-western parts.
Holbach et al. (2020) present a spatial model for the nutrient mitigation potential of
blue mussel farming in the western Baltic Sea, Buer et al. (2020) reports the potential
and feasibility of blue mussel farming along a salinity gradient in western Germany,
whereas Taylor et al. (2019) reveal production characteristics for various methods
and techniques to optimise the mitigation of eutrophication by mussel farming.

Examples of ecosystem services that may be influenced positively by the
measure(s). Regulation or eutrophication, Food, Raw material, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to mussels as food, feed, raw material or as biomass for energy
production. Improved conditions for plant and macroalgal production, swimming
and recreation thanks to clearer waters. Direct, intellectual, aesthetical and non-user
values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, mussel farmers,
businessmen within tourism, tourists

Possible time lags before positive effects can be seen after the measures have been
undertaken. This depends on the sites where the farming takes place, but estimates
are from 6 months to 1 year before clearer waters, fewer algal blooms and lower
levels of nutrients can be registered (locally). Nutrients are removed from the system
in connection with harvesting and this generally takes place after 1.5 years in more
saline areas (outer Baltic) and after 2.5 years in more brackish areas (central and
inner Baltic).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Information is available on the costs for
removing 1 kg of nitrogen and 1 kg of phosphorus through farming and harvesting
blue mussels (e.g. Lindahl 2008, 2012, Carlsson et al. 2009, Kotta et al. 2020a). The
latest information by Kotta et al. (2020b) reports a cost of 38—278 euro per kg N and
924-3 854 euro per kg P.

References in general. Lindahl 2008, 2012, Carlsson et al. 2009, Isaksson 2009,
Palsson 2009, Stadmark & Conley 2011, Bergstrom et al. 2013, 2017, Kraufvelin &
Diaz 2015, Hedberg et al. 2018, Taylor et al. 2019, Kotta et al. 2020ab, Buer et al.
2020, Holbach et al. 2020, Wikstrom et al. 2020,
https://www.lansstyrelsen.se/kalmar/stat-och-kommun/miljo/vatten/restaurering-
av-marina-miljoer.html#0.
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2.10 Rehabilitation of hypoxic areas by oxygen pumping

Examples of drivers/human activities that can cause damage that needs to be
restored. Not applicable.

Examples of pressures causing damage that needs to be restored. Input of nitrogen;
Input of phosphorus.

State change(s) in ecosystem components calling for attention/measures.
Decreased oxygen levels in sediments and bottom water.

Practical restoration method(s). Combating hypoxia through oxygen pumping has
been suggested as a measure to improve the conditions of the Baltic proper and in
hypoxic coastal waters (see e.g. Stigebrandt & Gustafsson 2007). The method has
been tested at small scales, inner-bay-level, in Sweden and in Finland. In Byfjorden,
western Sweden and in Lannerstasundet, in the inner Stockholm archipelago, there
were positive short-term effects leading to decreased phosphorus levels, but in
Sandofjarden in Raseborg in Finland, there were negative results (Lehtoranta et al.
2012, Pitkdnen et al. 2012, Bendtsen et al. 2013, Stigebrandt et al. 2015, Ollikainen
et al. 2016).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Byfjorden, Uddevalla, western Sweden; Lannerstasundet, inner
Stockholm archipelago; Sandofjarden, Raseborg, southern Finland.

Main expected responses/outcomes of the measure. Oxygen pumping to
reoxygenate bottom waters and sediments on accumulation bottoms through
artificial mixing of the water column demands hypoxia in the bottom water in order
to work. The idea is that the oxygenation will prevent leakage of particle bound
phosphorus to the water mass. In addition, habitats for bottom living organisms will
be improved
(www.havochvatten.se/download/18.b62dc9d13823fbe78c80003223/1348912824
427/evaluation-box-and-proppen-projects-english.pdf). These kind of methods
have, however, been criticized in the literature (e.g. Conley et al. 2009, Hdkanson &
Bryhn 2010, Reed et al. 2011) as they come with unknown, but potentially large risks.
This restoration measure is spurious in lakes, and possibly in Baltic Sea coastal areas
too, due to eutrophication leading both to oxygen deficiency and leakage of
phosphorus, seemingly independently (Hupfer & Lewandowski 2008). As there
always will be sediment depths with anoxic conditions, oxygenation will only lead to
leakage of phosphorus a few cm deeper in the sediment.

Evidence of success — with reference(s). For the oxygen pumping in Sandofjarden,
the bottom water stayed oxygenated until the end of summer, but the pumping
capacity was not sufficient to keep the entire area of 4.75 km? oxygenized during the
entire experimental period; with oxygenized water, the P-level is low, but when
oxygen drops, the P-level increases to former levels. In Lannerstasundet, which had
a smaller anoxic area of 0.26 km?, a higher pumping capacity was used and the
bottom water was oxygenated within a few weeks and the P-level was significantly
lower than in a reference area. Similar results have been seen from corresponding
experiments in lakes (Hupfer & Lewandowski 2008). Positive long-term effects on
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phosphorus leakage do not occur (Pitkdnen et al. 2012) and in Sandoéfjarden, there
was even a nitrogen release and negative end results (Ollikainen et al. 2016).

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Regulation or
eutrophication, Food, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through possibly improved commercial and
recreational fisheries. Direct, intellectual, aesthetical and non-user values for
recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. This depends the size and volume of the water body and the hypoxic
area, on water exchange rates with adjacent areas and on the intensity of the applied
measure, but some positive responses may occur quite rapidly, already after a few
weeks/months in bays similar to the inner bays that have been studied. Most
responses are short-lived though and they are usually not kept going when the
measures stop.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. For Lannerstasundet, the calculated reduction
costs of nitrogen equivalents were slightly below 5 euro/kg, while the costs for
reducing phosphorus equivalents were between 13—17 euro/kg (Ollikainen et al.
2016)

References in general. Stigebrandt & Gustafsson 2007, Hupfer & Lewandowski 2008,
Conley et al. 2009, Hakanson & Bryhn 2010, Reed et al. 2011, Lehtoranta et al. 2012,
Pitkdnen et al. 2012, Bendtsen et al. 2013, Stigebrandt et al. 2015, Ollikainen et al.
2016, Stigebrandt 2018, Karlsson & Malmaeus 2018,
www.naturvardsverket.se/Documents/publikationer6400/978-91-620-6522-
5.pdf?pid=3831.

2.11 Reducing internal phosphorus loads by metal binding
Examples of drivers/human activities that can cause damage that needs to be
restored. Not applicable.

Examples of pressures causing damage that needs to be restored. Input of
phosphorus.

State change(s) in ecosystem components calling for attention/measures.
Increased nutrient levels in sediments and bottom water; internal phosphorus
loading.
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Practical restoration method(s). Eutrophication is combated through phosphorus
inactivation by addition of aluminium or iron, which has been tested at small scales,
inner-bay-level, in Sweden (Malmaeus & Karlsson 2013, Huser 2014, Rydin 2014,
Rydin et al. 2017, Rydin & Kumblad 2019, Kumblad & Rydin 2019).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Bjornofjarden, Stockholm archipelago, eastern Sweden;
Granfjarden, Osthammar, eastern Sweden.

Main expected responses/outcomes of the measure. Metal treatment of active
sediments (accumulation bottoms) prevents leakage of phosphorus by binding P in
particle form instead of leaking out into the water as phosphate ions (Huser 2014,
Rydin 2014, Rydin et al. 2017). This method has been tested in Bjornofjarden with
aluminium (Malmaeus & Karlsson 2013, Rydin et al. 2017) and in Osthammarsfjarden
with iron (Rydin 2014) in eastern Sweden. These kind of methods have, however,
been criticized in the literature (e.g. Conley et al. 2009, Hakanson & Bryhn 2010,
Reed et al. 2011).

Evidence of success — with reference(s). Rydin et al. (2017) evaluated the tests using
aluminium in Bjornofjarden and they demonstrated lowered phosphorus levels in
the water as well as an increased water clarity.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Regulation or
eutrophication, Food, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through possibly improved commercial and
recreational fisheries. Direct, intellectual, aesthetical and non-user values for
recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. The time needed for recovery depends the size and volume of the water
body, water exchange rates and the intensity of the applied measure, but some
positive responses may occur quite rapidly, already after a few weeks/months in
inner bays. Most responses are short-lived though and they are usually not sustained
when the measures stop.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Rydin (2014) calculated an aluminium cost of
10 euro per kg phosphorus bound to aluminium in the sediment, without application
costs, by this method. The total costs for aluminium treatment of Bjérnéfjarden is
calculated to 900 000 euro. In total, it is expected that 4 tonnes of phosphorus can
be bound to added aluminium. This corresponds to the entire phosphorus surplus
(the “old sins”) in Bjornofjarden. When 4 tonnes of phosphorus is bound, the cost
for the measure becomes 225 euro/kg P (Kumblad & Rydin 2019). Hakanson & Bryhn
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(2010) commented in their criticism that it would be more cost-effective to remove
phosphorus in land-based water treatment plants. For removal of phosphorus water
treatment plants, Hasselstrom (2007) presents a cost range of 42—108 euro/kg P.

References in general. Hasselstrom 2007, Conley et al. 2009, Hakanson & Bryhn
2010, Reed et al. 2011, Malmaeus & Karlsson 2013, Huser 2014, Rydin 2014, Rydin
et al. 2017, Rydin & Kumblad 2019, Kumblad & Rydin 2019.

2.12 Investigative and trial biomanipulation by removing cyprinids and sticklebacks as
a method for rehabilitating coastal ecosystems

Examples of drivers/human activities that can cause damage that needs to be
restored. Not applicable.

Examples of pressures causing damage that needs to be restored. Extraction of
target fish and shellfish species and incidental fish catches; Changes to hydrological
conditions; Input of nitrogen; Input of phosphorus.

State change(s) in ecosystem components calling for attention/measures.
Decreased numbers of predatory fish, excessive nutrient levels.

Practical restoration method(s). Biomanipulation through fisheries targeting
mesopredators as cyprinids or sticklebacks aims at re-establishing or affecting
trophic structures in ecosystems where these have been altered. The alterations may
for example be due to overfishing of large predatory fish, eutrophication or
conditions otherwise becoming more beneficial for mesopredators and leading to a
dominance of mesopredators (i.e. small predators in the food web) such as cyprinids,
stickle-back and black goby in the Baltic Sea and wrasses and shore crabs in Kattegat.
The measure can also be undertaken to reduce the amount of nutrients.
Biomanipulation of planktivorous fish has been tested as a restoration method in
lakes (Hansson et al. 1998, Lammens 2001, Mehner et al. 2004), but biomanipulation
is a relatively untested measure in marine systems (but see Jokinen & Reinikainen
2011, Sandstrém 2011, https://johnnurmisensaatio.fi/en/projects/local-fishing-
project/). On a more general level, enhancing trophic regulation in coastal fish
populations has been suggested as a potential measure for essential seagrass and
seaweed areas of the Baltic Sea (Ostman et al. 2016).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Pickala Bay, Gulf of Finland and the Archipelago Sea, southern
Finland for testing biomanipulation of cyprinids; Aland (Finland), Gulf of Bothnia and
Smaéland and Ostergétland (Sweden) for testing biomanipulation of sticklebacks.

Main expected responses/outcomes of the measure. Under the right
circumstances, the measure could contribute to the re-establishment of top-down
control by predatory fishes as well as removal of nutrients already present in the
system (by removing mesopredatory fish from the system by fishing).

Biomanipulation measures could be undertaken to counteract increased
eutrophication symptoms and problems with trophic cascade effects (Ostman et al.
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2016). Biomanipulation  of  sticklebacks  (http://balticsea2020.org/alla-
projekt/rovfisken/12-rovfisken-pagaende-projekt/464-trala-efter-storspigg-i-
bottenviken), for instance, could provide positive effects both through the trophic
regulation of filamentous algae and decreased stickleback predation on the egg and
larvae of predatory fish, although this has not been tested (Bystrom et al. 2015,
Bergstrom et al. 2015). Biomanipulation aiming at cyprinids is another alternative
which has been tested in Finland without much reported success with regard to a
decrease in total biomass of bream nor as improved water quality (Jokinen &
Reinikainen 2011). It has also been tested in Sweden (Sandstrom 2011). See also
https://johnnurmisensaatio.fi/en/projects/local-fishing-project/ for more successful
initiatives).

Evidence of success — with reference(s). As biomanipulation of ecosystems is very
complicated with high risk of failures, the effects and possible successes are hard to
judge beforehand. Therefore, methods for biomanipulation, if they are considered
relevant, should first be tested at a small local scale. A positive side-effect of targeted
biomanipulation would be that nitrogen and phosphorus also are removed from the
ecosystem together with the caught fish (Hjerne & Hansson 2002). Biomanipulation
is, together with farming and harvesting of marine organisms and binding
phosphorus by aluminium and iron, one of the few methods available that are
capable of direct removal of nutrients already present in the marine ecosystem.

The proposed measures include references to a few studies of trials in archipelagos
of the northern Baltic Proper. The measure is probably feasible only at small and
highly controlled scales. There is still a lack of knowledge of effects and high risks of
failures and therefore needs for replicating trials to study wider ecosystem effects in
order to determine where and when the methods could be most appropriate.

The measure should initially focus on further trials and investigations, but not be
used for full scale implementation at this stage. The effects of the measure are still
relatively unknown in coastal areas and the results may be very site-specific. The
measure should also include consideration of how the captured fish is utilised in the
best way in order to avoid a waste of natural resources.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Biodiversity, Resilience, Biological regulation,
Regulation of eutrophication, Food, Recreation, Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through commercial and recreational fisheries.
Access to wrasses for salmon delousing in fish farms. Direct, intellectual, aesthetical
and non-user values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.
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Possible time lags before positive effects can be seen after the measures have been
undertaken. There seems to be a lack of information about time lags for the effects
of biomanipulation of coastal fish.

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. There is a general lack of details with regard to
biomanipulation costs for Baltic Sea fish, but Sandstréom (2011) reported a cost of
160 euro per kg P in their biomanipulation study of cyprinid fishing in Osthammar,
eastern Sweden. For cyprinid fishing in the Archipelago Sea in Finland, it is estimated
that 8 tonnes of phosphorus can be recycled from the sea on a yearly basis
(https://johnnurmisensaatio.fi/en/projects/local-fishing-project/). ~ This latter
cyprinid fishing is also self-sustaining at the moment, i.e. the phosphorus reduction
takes place for free as it results in a food product that is consumed by humans. All
that was needed to get this going was some initial efforts to achieve a useful product
and then find a market for it.

References in general. Hansson et al. 1998, Lammens 2001, Hjerne & Hansson 2002,
Mehner et al. 2004, Spndergaard et al. 2008, Jokinen & Reinikainen 2011, Jeppesen
et al. 2012, Bystrém et al. 2015, Bergstrém et al. 2015, Ostman et al. 2016, lho et al.
2017, http://balticsea2020.org/alla-projekt/rovfisken/12-rovfisken-pagaende-
projekt/464-trala-efter-storspigg-i-bottenviken,
https://seabasedmeasures.eu/pilots/.

2.13 Rehabilitation of anoxic, nutrient rich or polluted sediments by removal or
coverage

Examples of drivers/human activities that can cause damage that needs to be
restored. Fish and shellfish processing; Aquaculture — marine, including
infrastructure; Transport — shipping infrastructure (harbours, ports, ship-building);
Industrial uses (oil, gas, industrial plants); Waste waters (urban, industrial, and
industrial animal farms); Solid waste (land-based disposal of dredged material and,
e.g. land-fill); Tourism and leisure infrastructure (piers, marinas); Tourism and leisure
activities (boating, beach use, water sports, etc.).

Examples of pressures causing damage that needs to be restored. Changes to
hydrological conditions; Input of nitrogen; Input of phosphorus; Input of organic
matter — diffuse sources and point sources; Input of other substances (e.g. synthetic
substances, non-synthetic substances, radionuclides) — diffuse sources, point
sources, atmospheric deposition, acute events; Input of litter (solid waste matter,
including micro-sized litter).

State change(s) in ecosystem components calling for attention/measures. Dead or
disturbed sediments due to hypoxia, nutrient enrichment or pollution.

Practical restoration method(s). Removal of sediment through various methods of
careful dredging and/or coverage of damaged soft bottoms with a clean substrate or
active carbon can lower the environmental effects from toxic compounds in polluted
sediments, e.g. in harbours, marinas or in industrial recipients (Akcil et al. 2015,
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Rostmark et al. 2015, Eriksson et al. 2016). Similar methods could possibly be used
for removal of anoxic or nutrient rich sediments for example in shallow bays in order
to combat macroalgal mats (Hulth & Sundback 2009).

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. Harbour areas, recipient outside forest industries (e.g. in the Gulf
of Bothnia).

Main expected responses/outcomes of the measure. Recolonization of plants (in
the photic zone) and animals (in the photic and aphotic zone) are typical positive
responses in rehabilitated areas. If the surface sediment is removed or altered,
however, a biogeochemically active layer with associated functions disappear with
possible consequences for the recovery (Hulth & Sundback 2009). Experiments have
shown that lower levels of bottom living microalgae restrict the recolonization of
macrofauna (Stocks & Grassle 2001).

Evidence of success — with reference(s). Full recovery after measures such as
dredging or cover is probably restricted both by a slow or seasonal recruitment and
by the availability of food (see Norkko et al. 2006 for references). The spatial scale of
the disturbance seems to be the most crucial factor for the speed, succession and
completeness of the recolonising macrofauna community (Lewis et al. 2002, Bolam
et al. 2006, Norkko et al. 2006). The recovery of flora and fauna can possibly be
boosted by leaving undisturbed refugia in the treated area that can serve as local
banks for a recolonization (Hulth & Sundback 2009).

Removal measures include risks to release bound nutrients and pollutants, which can
increase eutrophication and damage to the environment and be counter-productive
to conservation efforts.

Some literature from freshwater systems (lakes) can be used to better identify pros
and cons of the different measures.

Many of these measures are quite expensive, but they could be included as
mandatory measures or as compensation restoration in cases when the polluter is
known or activities are being permitted/planned.

More research is needed. Background material is mainly available about the recovery
of unvegetated soft bottoms following active measures or naturally.

Examples of ecosystem services that may be influenced positively by the
measure(s). Biogeochemical cycling, Primary production, Food web dynamics,
Habitat, Biodiversity, Resilience, Regulation of eutrophication, Food, Raw material,
Science and education, etc.

Examples of human benefits from the measure(s). Less damage from
eutrophication in the society, on commercial and recreational fisheries as well as on
recreation. Access to fish as food through commercial and recreational fisheries.
Direct, intellectual, aesthetical and non-user values for recreation, research,
education and well-being.
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Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Positive responses for the macrofauna occur quite rapidly during
summer seasons, i.e. within weeks and months (Lewis et al. 2002).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Wasserman et al. (2013) estimated costs
around 22 euro per dredged m? of polluted sediment and 14 euro per dumped m?3
(Rio de Janeiro, Brazil).

References in general. Stocks & Grassle 2001, Lewis et al. 2002, Bolam et al. 2006,
Norkko et al. 2006, Hulth & Sundbéck 2009, Apler & Nyberg 2011, Cooper et al. 2013,
Nyberg et al. 2013, Apler et al. 2014, Wasserman et al. 2016, Akcil et al. 2015,
Rostmark et al. 2015, Eriksson et al. 2016, Zhang et al. 2016.

2.14 Establishment of artificial reefs

Examples of drivers/human activities that can cause damage that needs to be
restored. Restructuring of seabed morphology (dredging, beach replenishment, sea-
based deposit of dredged material); Extraction of minerals (rock, metal ores, gravel,
sand, shell).

Examples of pressures causing damage that needs to be restored. Physical
disturbance to seabed (temporary or reversible and recovers within 12 y); Physical
loss (due to permanent change of seabed substrate or morphology and to extraction
of seabed substrate); Changes to hydrological conditions.

State change(s) in ecosystem components calling for attention/measures. Loss of
hard surfaces through exploitation, stone fishing, marine extraction.

Practical restoration method(s). Establishing artificial reefs/substrates to allow for
colonisation of hard bottom macroalgal and macrofaunal assemblages including
crustaceans, mussels and fish. The reefs may be deployed intentionally as active
measures (Bohnsack & Sutherland 1985, Baine 2001, Jensen 2002, Seaman 2007,
Fabi et al. 2011) or un-intentionally, for example as ship wrecks in connection with
accidents (Ruuskanen et al. 2015, Balazy et al. 2019). The difference from restoration
of stone reefs is that the artificial reefs are not used for dealing with historical losses,
but rather for adding new structures to the underwater seascape. Artificial reefs are
controversial and should be used with caution.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. In Kiel and in Nienhagen, northern Germany; in the Odra river
estuary, in Puck Bay and in the Pomeranian Bay, Poland; in the Vistula Lagoon,
Russia; in the Gulf of Riga, Estonia; in the Gulf of Finland, Russia and Finland (Fabi et
al. 2011).
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Main expected responses/outcomes of the measure. Artificial reefs may have
positive impact, but mainly locally, within coastal areas. The measure is only to be
considered for areas with historical loss of the substrate that the reef mimics.
Positive responses summarised: more habitat/substrates for marine organisms
especially fish and shellfish, increased biodiversity, preserved ecosystem services.
Negative responses summarised: altered bottom structure, impact on water
circulation, effects on soft bottom organisms and that the new habitat may demand
space from other marine habitats. Introduced hard substrates in areas of
predominating soft bottoms can also serve as stepping stones for non-indigenous
invasive species. Promoting "attraction by individuals" ahead of "production" can
lead to overharvesting of fish unless fisheries are also managed as it is unclear
whether the measure simply aggregates organisms to reefs rather than increasing
the biomass. Negative impact on existing values should be weighed against the
expected ecological improvements beforehand when planning to establish artificial
reefs.

In Denmark there are guidelines that strongly advise against restoration using
artificial structures and it is preferred to restore reefs with stones, in areas where
stones have earlier been removed. There is, however, one project with the sunken
ferry Zrg that isused as an artificial reef. https://blog.divessi.com/return-to-
denmarks-aerosund-sunken-ferry-has-become-thriving-artificial-reef-1748.html.

In Sweden, reefs are currently being tested in order to support cod
(https://www.slu.se/ew-nyheter/2020/5/slu-utvarderar-om-konstgjorda-rev-kan-
radda-torsken/).

Evidence of success — with reference(s). Artificial reefs attract e.g. fish and shellfish
and they are of interest both for commercial and recreational fisheries and for
recreation (Seaman 2007, Fabi et al. 2011), although they can also affect the benthic
environments negatively (Bulleri & Chapman 2010, Dafforn et al. 2015, Ruuskanen
et al. 2015).

The measure is feasible but the use of artificial reefs may be disputed ethically and
environmentally. Probably, there will mainly be positive effects at the local scale.
Preferably, only natural material should be used.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Climate and
atmospheric regulation, Sediment retention, Recreation, Science and education, etc.

Examples of human benefits from the measure(s). Less physical damage on shores,
properties and infrastructure. Access to macroalgae, mussels and oysters as raw
material, food and feed. Access to fish as food through commercial and recreational
fisheries. Access to wrasses for salmon delousing in fish farms. Direct, intellectual,
aesthetical and non-user values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.
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Possible time lags before positive effects can be seen after the measures have been
undertaken. The time needed for positive effects to occur are probably similar to the
case with stony/boulder reefs, i.e. within weeks/months for macroalgae and small
macroinvertebrates and ca 2-3 years for lobster and fish (Egriell et al. 2007,
Wikstrom et al. 2016).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs are highly variable, ranging from almost
nothing (zero costs) to more than 100 000 euro, mostly depending on the type of
structures and measures, technique, whether monitoring is included, etc.

References in general. Buckley 1982, Russell et al. 1983, Bohnsack & Sutherland
1985, Grove et al. 1989, Milon 1989, Baine 2001, Svane & Petersen 2001, Reed et al.
2002, Deysher et al. 2002, Jensen 2002, Christie 2005a, b, 2007, Wilhelmsson et al.
2006, Egriell et al. 2007, Seaman 2007, Wilhelmsson & Malm 2008, Isaksson 2009,
OSPAR COMMIISSION 2009, Palsson 2009, Christie & Fredriksen 2011, Fabi et al.
2011, Pioch et al. 2011, Perkol-Finkel et al. 2012, Claisse et al. 2014, Firth et al. 2014,
Dafforn et al. 2015, Ponti et al. 2015, Rouanet et al. 2015, Ruuskanen et al. 2015,
Zeffer 2015, Ferrario et al. 2016, Lopez et al. 2016, Schroeter et al. 2016, Silva et al.
2016, Smith et al. 2016, Ushiama et al. 2016, 2019, Walles et al. 2016, Wikstrom et
al. 2016, Balazy et al. 2019,
www.naturstyrelsen.dk/naturbeskyttelse/naturprojekter/blue-reef/, www.riff-
nienhagen.de/index_en.shtml.

2.15 Protection of habitats

Examples of drivers/human activities that can cause damage that needs to be
restored. This refers to past activities leading to loss of functions such as natural
habitats. Land claim; Canalisation and other watercourse modifications (coastal
dams, culverting, trenching, weirs, large-scale water deviation); Coastal defence and
flood protection (seawalls, flood protection); Restructuring of seabed morphology
(dredging, beach replenishment, sea-based deposit of dredged material); Fish and
shellfish harvesting (bottom-touching towed gears, professional, recreational); Fish
and shellfish harvesting (pelagic towed gears, stationary gears, professional,
recreational); Aquaculture — marine, including infrastructure; Transport — shipping
(incl. anchoring, mooring); Transport — shipping infrastructure (harbours, ports, ship-
building); Urban uses (land use); Tourism and leisure infrastructure (piers, marinas);
Tourism and leisure activities (boating, beach use, water sports, etc.).

Examples of pressures causing damage that needs to be restored. Loss of, or change
to, natural biological communities due to cultivation of animal or plant species;
Disturbance of species: Visual, presence, boating, recreational activities, above-
water noise; Disturbance of species: Other (e.g. barriers, collision); Extraction of
target fish and shellfish species and incidental fish catches; Physical disturbance to
seabed (temporary or reversible and recovers within 12 y); Physical loss (due to
permanent change of seabed substrate or morphology and to extraction of seabed
substrate); Changes to hydrological conditions; Input of organic matter — diffuse
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sources and point sources; Input of anthropogenic sound (impulsive, continuous);
Input of other forms of energy (including electromagnetic fields, light and heat).

State change(s) in ecosystem components calling for attention/measures. Habitat
degradation is continuously increasing in coastal areas today, since the effect of
physical modifications of the seabed, tourism and boating activities, etc. lead to
cumulative loss of habitat. Thus, the measure is relevant in all parts of the Baltic Sea
coastline.

Practical restoration method(s). Habitat protection by establishing marine
protected areas (MPAs), protection of shallow coastal environments and shore
protection, applying fishing and boating regulations. Measures in the coastal zone
can preferably be done in combination with measures to protect open sea areas in
the Baltic Sea.

Geographical areas in the Baltic Sea where the restoration has been
tested/attempted. A map showing MPAs in the Baltic Sea as well as their
management plan status can be found at: https://helcom.fi/action-areas/marine-
protected-areas/management-of-helcom-mpas/. From this map, it can be seen that
MPAs are present in a representative way in all sub-basins and in all coastal nations
of the Baltic Sea.

Main expected responses/outcomes of the measure. Safeguarding important
habitats for the maintenance of biodiversity and provision of ecosystem services, for
example the recruitment and production of fish (Sundblad et al. 2014, Kraufvelin et
al. 2018), can be considerably more effective compared to restoration of
deteriorated habitats. This is true in terms of cost efficiency and since there is usually
no time lag before the effect of the implementation can be seen. In comparison,
restoration is likely to require more resources in terms of cost and time and a has a
lower level of certainty in that all original functions and ecosystem services will be
recovered. Habitat protection is expected to work absolutely best in combination
with other restoration measures. It seems, however, that there are huge differences
in the perception of what is protected between countries with regard to MPAs. In
some areas, there are many restrictions in the uses of the protected areas and they
can more or less be seen as no-take areas, while in other areas, almost anything can
be done with the possible exception of establishing industries. This is also in line with
the conclusions from the work on marine protected areas in the WP3 of the HELCOM
ACTION project (HELCOM 2021).

Evidence of success — with reference(s). There is generally a lack of follow-up studies
on the effect of habitat protection in the Baltic Sea. However, substantial indirect
evidence is provided from studies showing how habitat deterioration reduces fish
productivity (Kraufvelin et al. 2018). For example, Sundblad et al. (2014) showed that
habitat limitation for early life stages of perch and pikeperch may restrict the
abundance of later adult stage fish. There is evidence of long-term negative effects
on fish reproduction habitats from physical development, boating and infrastructure
related to boating (Sandstrém et al. 2005, Sundblad & Bergstrom 2014, Hansen et al.
2018, Sagerman et al. 2020), and studies have shown negative impacts on the habitat
and the production of juvenile fish from recreational boating traffic (Sandstrom et
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al. 2005). These studies are from Swedish waters but the observed relationships can
be assumed to also apply to other countries in the Baltic Sea.

The positive impacts are mainly local, within coastal areas, but with a potential for
positive basin-wide effects (e.g. through serving as spawning areas with spill-over
effects).

Although the effects of marine protected areas are quite well studied, there is
generally a lack of follow-up studies on the effect of habitat protection in the Baltic
Sea.

Examples of ecosystem services that may be influenced positively by the
measure(s). Food web dynamics, Habitat, Biodiversity, Resilience, Biological
regulation, Regulation of eutrophication, Food (as spillover), Recreation, Science and
education, etc.

Examples of human benefits from the measure(s). Less habitat damage from coastal
development and improved recreation. There may also be possible improvements in
commercial and recreational fisheries. Direct, intellectual, aesthetical and non-user
values for recreation, research, education and well-being.

Target groups for the benefits in the society. Local inhabitants by the coast,
professional fishermen, recreational fishermen, fish farmers, businessmen within
tourism, tourists.

Possible time lags before positive effects can be seen after the measures have been
undertaken. Data from Vinga marine reserve (habitat protection in combination
with establishment of stony reefs) and other MPA-examples indicate that positive
responses on harvestable species are detectable within 1-3 years (Egriell et al. 2007,
Bergstrom et al. 2016, Wikstrom et al. 2016, Bergstrom et al. 2019).

Costs per unit "restored" structure or function, e.g. cost per area of habitat or
weight (biomass unit) of compound. Costs for protection measures by creating
marine reserves are very low, but depending on the inclusion of follow-up measures,
monitoring and enforcements (HELCOM 2021). Principally they can be established
more or less for free unless bought land and water areas are included or some
compensation fees need to be paid to former users. However, in their analysis of
benefits and costs of two temporary no-take zones, Bostedt et al. (2020) got
conflicting results: when fisheries were relocated, fisheries benefits outweighed
costs, but when no fisheries assumingly were relocated, costs outweighed benefits
in some scenarios.

References in general. Sandstrom et al. 2005, Egriell et al. 2007, Sundblad &
Bergstrom 2014, Sundblad et al. 2014, Wikstrém et al. 2016, Bergstréom et al. 2016,
Hansen et al. 2018, Kraufvelin et al. 2018, Bergstrom et al. 2019, Bostedt et al. 2020,
Sagerman et al. 2020.
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2.16 Follow-up and knowledge sharing

Description of measure. This measure aims to enhance the evidence-base for the
efficiency of measures over time by mutual sharing of existing and ongoing
experiences among countries. To support an adaptive management, it might also be
beneficial to apply measures as tests with the dual aim of improving environmental
status and learning. The measure “Follow-up and knowledge sharing” is further
expected to support engagement and acceptance to measures among the general
public and stakeholders concerning the needs of the measures and their objectives,
if supported by campaigns dedicated for specific groups.

Effectiveness of measure. Even though a wide range of measures has already been
implemented for habitats in the Baltic Sea, there is generally a lack of scientific
evaluations and evidence on the effects of many of the measures. Scientific evidence
to follow-up on the effectiveness of measures for coastal habitats is only available
for a few measures and for some areas. This lack of knowledge significantly limits the
work with restoring and supporting coastal habitats through impacts on the capacity
of society to carry out measures. An effective way to support an increased evidence
base would be to encourage adaptive learning and the mutual sharing of experiences
among countries. To gain stronger support for these measures and for those not yet
suggested in this report, it is of outmost importance that past, on-going and future
measures for coastal habitats are scientifically evaluated, something that
unfortunately is undertaken only rarely today. Designed in a proper manner and
applied for a specific coastal area, many measures to improve coastal habitats are
likely to have positive effects on other parts of the food web, as well.

45



3. Estimating the efficiency of different measures related to restoration
of coastal habitats

3.1 General aspects on estimating the efficiency

Based on available examples, the recovery of coastal ecosystems is often a slow
process that extends over several decades (Kraufvelin et al. 2001, Duarte et al. 2009,
2015, 2020, Borja et al. 2010, Lotze et al. 2011, Verdonschot et al. 2013). Duarte et
al. (2020) present an average recovery time of 20 years for global marine ecosystems
and specific ranges of 1-5 years for oyster reefs, 2-30 years for exploited
invertebrates, 5-60 years for seagrasses, 10—30 years for exploited fish and 40-60
years for whales to give a few examples. Even with recoveries being reached, the
resulting ecosystem can in many cases only approximate, but not fully replicate,
what has been lost (Elliott et al. 2007). Due to the difficulties in re-establishing true
historic conditions, we may thus more often have to focus on restoring ecosystem
functions and become better at integrating such initiatives into restoration ecology
(Kollmann et al. 2016).

Jones & Schmitz (2009) compiled a broad review over required time scales for
terrestrial and aquatic biological recovery and demonstrate recovery times of on
average 10-20 years for brackish and marine systems. In their review, Jones &
Schmitz (2009) also acknowledge that information about pre-disturbance conditions
was only available in 20% of the studied cases, which makes recovery judgement
biased in 80% of the cases. Scientific studies showing the entire long-term
degradation of ecological structures and functions are also rare in the literature and
so are studies that can provide us with extensive descriptions about mechanisms for
the recovery of different systems (Jones & Schmitz 2009). Studies presenting long-
term monitoring data covering several trophic levels (such as plankton, benthic
organisms and fish, etc.) together with physical and chemical water and sediment
variables are also very rare (Simenstad et al. 2006, Lotze et al. 2006, Elliott et al.
2007, 2016, Jones & Schmitz 2009). Such level of detail would be valuable for
demonstrating recovery processes after marine restoration measures. In this
context, it is also important to be explicitly clear in what we mean with restoration,
i.e.is it to an original state or to a more approximate state with acceptable ecological
functions (Duarte et al. 2009, 2015)?

Even though the recovery of certain biological communities can occur in less than
five years, a full recovery of many marine systems often requires at least 15-25 years
(Duarte et al. 2020). A re-establishment of the original biological species
composition, biodiversity and ecological function can take even longer, maybe up to
50 years (Borja et al. 2010). Some ecosystems may never reach the technical
definition of being restored, but may instead proceed irreversibly to an alternative
state (Scheffer et al. 2001, Duarte et al. 2009, 2015, Borja et al. 2010). Ecosystem
structure can in many cases recover and the former species can be present, but this
does not have to mean that the former ecosystem function has been re-established,
too. In situations when restoration measures are undertaken rapidly and natural
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processes are recovering completely, significant improvement in ecological
conditions may be achieved within 15-25 years, even though the original historical
conditions not necessarily are reached (Hering et al. 2010). Regarding recovery
times, it is also crucial to consider the role of water exchange rates in different
"basins” or water areas, since this has a great influence on how marine systems are
developing. We also need to establish whether dynamic marine systems, with very
variable hydrodynamics, recover faster than less dynamic low energy systems (Borja
et al. 2010).

In every restoration case, it is important right from the start to agree upon the
aims/objectives and which criteria to be used to assess how well these have been
met afterwards (Simenstad et al. 2006, Seaman 2007, Borja et al. 2010). It must also
be addressed whether the restored system rather contains its structural elements,
i.e. the relevant species composition, or if a fully functioning system with the right
levels of primary producers, predator prey relationships and other species
interactions, etc. has been recreated.

3.2 Scoring

The selection of measures presented in chapter 2 is aligned with a Swedish national
report by Kraufvelin et al. (2020b), where various existing and implemented
restoration measures in the Baltic Sea and in nearby areas have been evaluated, and
expanded within the HELCOM ACTION project. The different measures have been
described and evaluated using scores with respect to various aspects that address
their feasibility and/or effectiveness (using scores 1-3 or 03, the higher, the better).
The following aspects/criteria were used:

- Thetype of measure, going from measures with higher chances of re-creating
historical (pristine) conditions to measures with lower chances (i.e.
“restoration”, “rehabilitation”, “assisted natural recovery”, “habitat
improvement”, “enhancement”, “replacement”, “mitigation” and “other
measures”),

- If the restoration targets represent “threatened species/habitats”,

- If the restoration targets represent “important ecosystem services/human
benefits”,

- Ifthere are “potential risks of taking no action” with regard to the restoration
target,

- If the focus of the measure is on “causes”, “symptoms” or “both”,

- The availability of methodology,

- The existence of relevant practical experiences,

- The chances for long-term attainment of the result,

- The needs for complementary measures to achieve the aims,

- The risks of negative side-effects from the measures,

- The size (spatial scale) of the area that may be affected positively,

- Draft evaluation of the costs to achieve the measures.
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As part of the HELCOM ACTION workshop in February 2020 (HELCOM ACTION
WS2.2-2020), seven participating benthic experts from across the region got a
chance tofill in a “score card” based on the above aspects. In addition, the score card
has been filled in by the five authors of this report. The obtained averaged scores of
these 12 experts, for each combination of aspect and restoration measure were
summed up to give an overall estimate (for detailed results for individual criteria, see
Appendix 1). Within this process, a value for “certainty” was obtained by the
standard deviations from the given scores (for detailed results for individual criteria,
see Appendix 2). Also, on the basis of this exercise, total averages and averaged SDs
have been summed-up for all measures and the measures were ranked by their
tallied totals and ordered in Table 1 from those with the highest total sum to those
with the lowest total sum in the first column and averaged variability in the scores in
the second column. Here, it must be noted that these Appendices and Table 1 do not
represent any absolute truths about which restoration measures that are most
feasible and efficient, but only the expert’s view on the topic.
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Table 1. Results of an expert evaluation of the feasibility/effectiveness of different restoration
measures in the Baltic Sea using 12 experts (see text) who got the chance to fill in a “score card” and
then averaged scores were calculated for each combination of aspect and restoration measure and
summed up and also a value for “certainty” by simply using standard deviations from the scores given.
Green shades indicate the more feasible measures (i.e. high average scores) as well as the highest
levels of agreement (i.e. low standard deviation) and red shades indicate the opposite.

Restoration measure

(The numbering follows Chapter 2, where each measure is
presented in more detail)

Average tallied sums of
eight experts

Averaged SDs indicating
agreement among the
experts

(lower value means
more agreement)

7. Restoration of coastal wetlands and fladas/lagoons 31,2 0,45
15. Protection of habitats 30,1 0,54
5. Restoration of stony reefs 26,3 0,57
4. Restoration of blue mussel reefs 25,7 0,59
8. Invigorating piscivorous fish populations to rehabilitate 256 075
coastal ecosystem function ! !
1. Restoration of eelgrass, Zostera marina 24,5 0,42
2. Restoration of soft bottom macrophytes (other than 233 0,55
eelgrass)
3. R_estoratlon of brown macroalgae, mainly Fucus 231 0,42
vesiculosus
14. Rehabilitation of hard bottoms by establishment of

e . 21,7 0,64
artificial reefs
9. Reducing nutrient loading by farming and harvesting blue 19,8 0,69
mussels
13. Rehabilitation of anoxic, nutrient rich or polluted

. 19,5 0,65
sediments by removal or coverage
6. Restoration of soft bottoms naturally free of vegetation 19,3 0,7
12. Biomanipulation to remove cyprinids and sticklebacks

o . 19,2 0,65

and rehabilitate coastal ecosystem function
11. Reducing internal phosphorus loads by metal binding 18,5 0,62
10. Rehabilitation of hypoxic areas by oxygen pumping 15,8 0,5
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According to the summed up values in this exercise, measures such as restoration
of coastal wetlands and protection of habitats rank at the highest end (most
feasible/effective), whereas many traditional habitat restoration measures are
considered less feasible/effective (found in the middle of the table). Some
rehabilitating and physico-chemical measures are ranked the lowest (Table 1). The
highest agreement among experts was registered for the restoration of coastal
wetlands, restoration of eelgrass meadows and restoration of brown macroalgae,
whereas the least agreement was found for measures strengthening piscivorous fish,
for restoration of soft bottoms naturally free of vegetation and for using mussel
farming for nutrient harvesting and reducing nutrient loads (Table 1).
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4. l|dentification of prioritized restoration measures for different parts of
the Baltic Sea

All measures are likely not equally effective in all geographical areas. Depending on
local community composition and key species, the physical habitat characteristics as
well as identified key impacts and pressures, different restoration measures may be
advisable in different geographical areas. It is noteworthy here that these spatial
differences between areas are very important to consider and will likely affect the
choice of, but also the success of, the measures locally, regionally and at the Baltic
Sea-wide scale (i..e when regional experts completed the questionnaire). This is
because different measures are relevant and work differently in various parts of the
Baltic Sea as a result of strong hydromorphological, chemical, physical and biological
gradients (Leppakoski & Bonsdorff 1989). Other differences are present in human
population density and also in how land and water areas are used and exploited
(Kraufvelin et al. 2020c). In addition to this, there may also be significant local
variations between nearby areas, for example with regard to freshwater inflow,
nutrient load and degree of wave exposure (Bryhn et al. 2017b).

Moreover, pressures are often acting cumulatively on habitats both within and
among pressure types and thus, the use of multiple restoration measures at the
same time is foreseen to be more efficient than applying just one measure alone. A
combined restoration of eelgrass beds with blue mussel reefs could exemplify a case
capable of presenting possible positive synergies. Restoration of eelgrass could
benefit from a higher biomass of filter-feeders locally as these keep the waters
clearer (Coen & Luckenbach 2000, Coen et al. 2007, Sharma et al. 2016). Similar
positive synergy effects could possibly also be achieved for benthic macrophytes
through mussel farming (Kraufvelin & Diaz 2015).

Based on different sources of information available such as the HELCOM Baltic Sea
Impact index, the Swedish SYMPHONY-tool, other projects, etc. and local and
regional expert knowledge, this work also intends to map and present which habitats
and areas in the Baltic Sea are the most damaged and where different types of
restoration measures should be of the highest significance/need. The ultimate aim
of this chapter of the report is to suggest viable and cost-effective restoration
measures to these habitats/areas, and provide recommendations for specific
measures needed to restore them.

For these purposes, a questionnaire (Table 2) was distributed among experts
within different HELCOM working groups during 2019-2020. Unfortunately, these
attempts rendered only one reply. This part of the work thus needs to be revised and
repeated later on.

In the lack of input from experts about where restoration measures would be of
highest significance/need, evaluations for this report will instead primarily be based
on:

- existing knowledge of activities and pressures in the Baltic Sea area such as from
the HELCOM ACTION WP 2.1-report, compiled in parallel to this report,

- existing information about the distribution and condition of ecosystem components
from Korpinen et al. (2012) and HELCOM (2018) and published literature such as the
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review paper by Kraufvelin et al. (2018) about essential fish habitats, which also
include relevant information for this purpose,

- existing knowledge from national underwater mapping activities and evaluations
(such as the underwater habitat mapping undertaken in Finland and Sweden).

Table 2. Questionnaire to define in which coastal areas of the Baltic Sea the restoration measures are
of highest significance/need.

Yes, no, ?

3 = high; 2 = medium; 1 =
low; 0 = no

3 = high; 2 = medium; 1 =
low; 0 = no

Please give examples

Please give examples

Figure 2, from HELCOM (2010), illustrates the richness of habitat types (named
ecosystem components) in different parts of the Baltic Sea. The categorization of the
ecosystem components in this figure closely resembles the habitat and biotope
concept used in this review, apart from a few classes based on species data and
deeper aphotic bottoms away from the coast. Still, it can, in our opinion, be used as
a proxy for potential restoration targets in the Baltic Sea.

In the context of Figure 2, an ecosystem component refers to biological parts of
the ecosystem such as species, biotopes formed by habitat-forming species or abiotic
biotopes with a clear linkage to certain species (Korpinen et al. 2012). The 14 named
ecosystem components in Korpinen et al. (2012) are divided into benthic biotopes
(two), benthic biotope complexes (six), water column (two) and species data (four).
In the map, the habitats specifically constitute: 1) mussel beds and 2) eelgrass
meadows (benthic biotopes); 3) photic sand, 4) non-photic sand, 5) photic mud and
clay, 6) non-photic mud and clay, 7) photic hard bottom and 8) non-photic hard
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bottom (benthic biotope complexes); 9) photic water and 10) non-photic water
(water column); as well as 11) harbour porpoise, 12) seals, 13) seabird wintering
grounds and 14) spawning and nursery areas of cod (species data). Note, that for the
purposes of this report, a number of ecosystem components from the list above are
not fully synonymous to restoration targets, as the term is interpreted and used
here. This clearly applies to the species data points 11-13 above, but also partly to
non-photic bottoms (points 4, 6 and 8 above) and non-photic water column (point
10), i.e. for those parts that are occurring deeper down and farther away from the
coast.
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Figure 2. Map showing the number of ecosystem components present (benthic and water column
biotope complexes, benthic biotopes and species-related data layers) as a proxy for restoration
targets in 5 km x 5 km squares in the Baltic Sea. Altogether 14 data layers were used when

constructing the map, but no single square contained all ecosystem components. The map is taken
from HELCOM (2010), with permission.

If the ecosystem components from HELCOM (2010) and Korpinen et al. (2012) and
presumed restoration targets in the Baltic Sea are considered to be of the same kind,
the richest diversity of components/targets will then be found in squares in the
south-western Baltic Sea, for example in the Sound, in the Belts and in Kattegat. A
reasonably high diversity of components/targets are also found around the large
islands and in the archipelagos of the central Baltic Proper. Lower diversities (fewer
components/targets) are found in the Bothnian Bay and in the eastern parts of the
Baltic Sea (Figure 2).
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As a spatial representation for weighing large numbers of cumulative human
impacts against ecosystem components and describing the current condition of
various part of the sea area, the Baltic Sea Impact Index has been developed (see
Halpern et al. 2008, HELCOM 2010, 2018 and Table 2 in Korpinen et al. 2012 for
details). This index shows that the lowest cumulative impact is generally found in the
Gulf of Bothnia in the sparsely populated northernmost part of the Baltic Sea, and
the highest impacts mainly occur in the coastal areas of southern and south-western
Finland, along the northern and western coast of Estonia, along the eastern and
western coast of south Sweden, in the Polish Bay of Gdansk and in the Danish and
German parts of the Baltic Sea (Figure 3). This impact map may be regarded as closely
reflecting the general pressures on potential restoration targets, as well.
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Baltic Sea Impact Index (BSII)
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Figure 3. Presentation of cumulative potential anthropogenic impacts by the Baltic Sea Impact Index in
5 km x 5 km assessment units. The index in each assessment unit consists of the sum of
anthropogenic impacts on selected ecosystem components present in the unit. The original index
formula is from Halpern et al. (2008) and Korpinen et al. (2012). The map is taken from HELCOM
(2018), with permission.

In addition to mentioning the geographical areas in the Baltic Sea where the various
restoration has been tested/attempted (see details in chapters 2.1-2.15
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Geographical areas in the Baltic Sea where the restoration has been
tested/attempted), we also provide the following general estimates about in which
areas the various restoration measures may be of greatest need:

10.

11.

12.

Restoration of eelgrass, Zostera marina: This may be a relevant measure in
more or less all areas with eelgrass, but especially in Danish waters; in
Kattegat, western Sweden; along all coasts of the Baltic Proper; in the Aland
Sea and in the Finnish and Estonian parts of the Gulf of Finland.

Restoration of soft bottom macrophytes (other than eelgrass): This may be
a relevant measure where this habitat type is being damaged or lost, but
especially along the coasts of the Baltic Proper; in the Aland Sea; in the
Finnish and Estonian parts of the Gulf of Finland; in the Gulf of Riga; in the
Gulf of Bothnia.

Restoration of brown macroalgae, mainly Fucus vesiculosus: This may be a
relevant measure along the coasts of the Baltic Proper; in the Aland Sea and
in the Finnish and Estonian parts of the Gulf of Finland.

Restoration of blue mussel reefs: This may be a relevant measure especially
in Danish waters and in Kattegat/Skagerrak in western Sweden, but
potentially also along coasts of the Baltic Proper.

Restoration of stony reefs in areas where these have previously been lost:
This may be a relevant measure in Danish waters and in southern Sweden,
i.e. in areas where stony reefs once were present, but now are lost.
Restoration of soft bottoms naturally free of vegetation: This may be a
relevant measure wherever this habitat type has been lost due to
construction work or eutrophication causing e.g. drifting algal mats.
Restoration of coastal wetlands and fladas/lagoons: This may be a relevant
measure along the Polish and German north coasts, in many parts of the
Baltic Proper, in the Aland Sea; in the Gulf of Finland and in the Gulf of
Bothnia.

Invigorating piscivorous fish populations to rehabilitate coastal ecosystem
function: This may be a relevant measure more or less everywhere in the
Baltic Sea concerning different species though with cod in more saline and
offshore areas and pike and perch in less saline and coastal areas.

Reducing nutrient loading by farming and harvesting blue mussels: This
may be a relevant measure in Kattegat; in the southern Baltic Sea as well as
along the coasts of the Baltic Proper.

Rehabilitation of hypoxic areas by oxygen pumping: This may be a relevant
measure in inner bays of the Baltic Proper, in the Aland Sea, in the Gulf of
Finland and in the Gulf of Bothnia.

Reducing internal phosphorus loads by metal binding: This may be a
relevant measure in inner bays of the Baltic Proper, in the Aland Sea, in the
Gulf of Finland and in the Gulf of Bothnia.

Investigative and trial biomanipulation by removing cyprinids and
sticklebacks as a method for rehabilitating coastal ecosystems: This may
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13.

14.

15.

16.

be a relevant measure in the Baltic Proper, in the Aland Sea, in the Gulf of
Finland and in the Gulf of Bothnia.

Rehabilitation of anoxic, nutrient rich or polluted sediments by removal or
coverage: This may be a relevant measure in polluted harbour areas and in
industrial recipients all through the Baltic Sea.

Establishment of artificial reefs: This may be a relevant measure in parts of
Danish waters and the Southern Sweden in areas with historical loss of
stony reefs due to human impact. The measure is only to be considered for
areas with historical loss of the substrate that the reef mimics.

Protection of habitats: This may be a relevant measure everywhere in the
Baltic Sea.

Follow-up and knowledge sharing: This may be a relevant measure
everywhere in the Baltic Sea.
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General Conclusions

In order for restoration measures to be effective, the activities and pressures
originally causing the disturbance/loss should first be removed.

Most coastal restoration measures, if successful, show an effect at the scale
of small/closed coastal systems rather than at larger (basin-wide) scales. A
possible exception may be measures to enhance the production of predatory
fish.

In general, active restoration may work better in closed and sheltered areas
than in open and exposed areas. For open areas, facilitating natural passive
recovery may be a more effective approach.

Protection allowing for passive recovery may in many cases be more efficient
and less costly than active restoration measures.

An apt rule of thumb is that it is much less costly to initially prevent
environmental damage in the coastal zone than to later have to rely on
restoring damaged habitats or areas.

A combination of several restoration measures in the same area is often
preferable and may boost the success rates. This is partly because many
pressures are acting simultaneously and many activities are impacting areas
cumulatively.

The spatial allocation of restoration efforts should be planned with a focus
on green infrastructure, prioritizing restoration measures that improve the
ecological connectivity of marine and coastal landscapes. This may especially
concern protected areas, restored areas, migration barriers, rivers, fladas,
wetlands and water ways.

The efficiency of different restoration measures should be quantitatively
evaluated to ensure adaptive learning and knowledge sharing.

On the basis of expert evaluations in connection with this project, restoration
measures such as restoration of coastal wetlands and protection of habitats
rank at the highest end (most feasible/effective), whereas many traditional
habitat restoration measures are considered less feasible/effective (found in
the middle of the table). Some rehabilitating and physico-chemical measures
are ranked the lowest.

Different restoration measures may be advisable in different geographic
areas based on e.g. local community composition and key species, local
physical habitat characteristics as well as identified key environmental
pressures.

The most impacted coastal areas in the Baltic Sea occur in southern and
south-western Finland, along the northern and western coast of Estonia,
along the eastern and western coast of south Sweden, in the Polish Bay of
Gdansk and in the Danish and German parts of the Baltic Sea. These areas
may also be the ones with the greatest need for restoration measures, as
well.
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Appendix 1. Obtained averaged scores for each combination of criterion and
restoration measure from the expert evaluation by 12 experts.
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Appendix 2. Calculated SD (standard deviations) as a metric of certainty for
scores given for each combination of criterion and restoration measure from

the expert evaluation by 12 experts.
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